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DISODIUM  CROMOGLYCATE,  A  MAST-CELL 
STABILIZER,  ALTERS  POSTRADIATION  REGIONAL 
CEREBRAL  BLOOD  FLOW  IN  PRIMATES 

L.  G.  Cockerham,  T.  F.  Doyle,  E.  L.  Pautler,  J.  D.  Hampton 

Physiology  Department,  Armed  Forces  Radiobiology 
Research  Institute,  Bethesda,  Maryland 


Early  transient  incapac  itation  <ETh  is  the  complete  cessation  of  performance  during 
the  first  10  mm  after  radiation  exposure,  and  performance  decrement  (PD)  is  a  reduc¬ 
tion  in  performance  at  the  same  time.  Supralethal  doses  of  radiation  have  been 
shown  to  produce  a  marked  decrease  m  regional  cerebral  blood  flow  in  primates 
concurrent  with  systemic  hypotension  and  a  dramatic  release  of  mast-cell  histamine. 
In  an  attempt  to  elucidate  mechanisms  underlying  the  radiation-induced  ETI'PD  phe¬ 
nomena  and  the  postradmtion  decrease  in  cerebral  blood  flow,  primates  weie  given 
the  mast-c  ell  stabilisers  disodium  cromnglycate  (DSCCl  or  URL  22.121  (Reecham  Phar¬ 
maceuticals.  Research  Division i  before  exposure  to  100  Gy  whole-body  gamma  radia¬ 
tion.  Hypothalamic  and  cortical  blood  flows  were  measured  by  hydrogen  clearance, 
before  and  after  radiation  exposure.  Systemic  blood  pressures  were  determined  si¬ 
multaneously.  The  data  mdi'  itcd  that  D: SCO  was  successful  in  diminishing  postra 
diation  decrease  in  cerebral  blood  flow.  Irradiated  animals  pretreated  with  DSCC. 
showed  only  a  It)",,  decrease  in  hypothalamic  blood  flow  tit)  mm  postradiation,  while 
untreated,  irradiated  animals  showed  a  57%  decrease.  The  cortical  blood  flow  of 
DSCC  treated,  irradiated  animals  showed  a  triphasic  response,  with  a  decrease  of  .18% 
at  10  mm  postradiation,  then  a  rise  to  I", ,  below  baseline  at  20  mm.  followed  by  a  fall 
to  42"-  below  baseline  by  5 0  min  postradiation  In  contrast  the  untreated,  irradiated 
animals  showed  a  steads  dec  rease  m  (  urtn  al  blood  flow  to  79", ,  below  baseline  bv  5 0 
nun  postradiation  I  here  was  no  significant  difference  in  blood-pressure  response 
between  the  treated  and  untreated,  irradiated  animals.  Systemic  blood  pressure 
showed  .1  fit)",,  decrease  at  It)  mm  postradiation,  tailing  to  a  71",,  decrease  by  b()  mm. 
The  effects  ot  URL  22121  m  altering  postradiation  blood  flow  in  the  cerebral  cortex 
and  hypothalamus  were  intermediate  between  the  irradiated  controls  and  those  pre¬ 
treated  with  DSC(i.  but  were  not  considered  to  be  significant  at  the  concentration 
employed.  The  overall  results  ot  this  studv  indie  ate  that  the  postradiation  decease  in 
regional  c  erebrat  blood  flow  may  be  partialh  alien rated  by  treatment  with  a  mast-cell 
stabilizer 


INTRODUCTION 

Early  transient  incapacitation  (ETI)  is  the  complete  cessation  of 
motor  performance,  occuring  transiently  and  within  the  first  30  min 
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following  exposure  to  supralethal  doses  of  ionizing  radiation  (Kimel- 
dorf  and  Hunt,  1%5),  and  performance  decrement  (PD)  is  a  reduction 
in  performance  at  the  same  time.  Since  supralethal  exposure  to  ion¬ 
izing  radiation  such  as  gamma  photons  results  in  postradiation  hypo¬ 
tension  (Cockerham  et  al.,  1984a)  with  the  arterial  blood  pressure  often 
decreasing  to  less  than  50%  of  normal  (Doyle  et  al.,  1974),  this  is  a 
possible  explanation  for  ETI.  In  one  investigation  (Bruner  et  al.,  1975) 
the  PD  was  closely  correlated  with  postradiation  hypotension,  the  dec¬ 
rement  following  usually  within  a  few  minutes  of  the  initial  fall  in  blood 
pressure. 

Postradiation  hypotension  produces  a  decrease  in  cerebral  blood 
flow  (CBF)  even  though  the  central  nervous  system  (CNS)  can  other¬ 
wise  maintain  CBF  under  conditions  of  severe  hypotension  through  the 
mechanism  of  autoregulation.  One  study  (Chapman  and  Young  1968) 
demonstrated  a  dramatic  fall  of  CBF  immediately  following  a  single 
25-Gy  “Co  exposure,  and  another  study  (Cockerham  et  al.,  1984c)  re¬ 
ported  a  precipitous  drop  in  regional  blood  flow  in  the  visual  cortex  of 
primates  exposed  to  100  Gy  60Co  radiation.  It  is,  therefore,  conceivable 
that  the  ETI/PD  phenomena  following  postradiation  systemic  hypoten¬ 
sion  may  result  substantially  from  a  secondarily  decreased  cerebral 
blood  flow. 

There  are  reported  elevations  of  circulating  blood  histamines  in 
humans  undergoing  radiation  therapy  (Lasser  and  Stenstrom,  1954). 
Decreases  in  tissue  histamine  levels  in  rats  (Eisen  and  Wilson,  1957),  as 
well  as  increases  in  canine  plasma  histamine  levels  (Cockerham  et  al., 
1984b,  1985)  and  primate  plasma  histamine  levels  (Alter  et  al.,  1983; 
Cockerham  et  al.,  1986;  Doyle  and  Strike,  1977),  following  radiation 
exposuie  have  also  been  reported.  Histamine,  stored  in  mast  cells 
throughout  the  body  (Metcalfe  et  al.,  1981),  is  released  under  the  stim¬ 
ulus  of  ionizing  radiation  and  is  implicated  in  radiation-induced  hypo¬ 
tension.  One  study  (Doyle  et  al.,  1974)  even  reported  the  prevention  or 
modification  of  radiation-induced  performance  changes  and  hypoten¬ 
sion  by  the  preradiation  administration  of  an  antihistamine.  This  study 
was  designed  to  determine  if  the  radiation-induced  systemic  hypoten¬ 
sion  and  decreased  cerebral  blood  flow  could  be  mitigated  by  the  pre¬ 
radiation  administration  of  either  disodium  cromoglycate  (DSCG) 
(Fisons  Corporation,  Bedford,  Mass.)  or  BRF  22321  (Beecham  Pharma¬ 
ceuticals,  Research  Division),  two  mast-cell  stabilizers  (Spicer  et  al., 
1983). 

Two  contrasting  regions  of  the  brain  were  selected  for  this  study. 
The  supraoptic  nucleus  of  the  hypothalamus  was  selected  as  the  first 
region  of  interest,  because  mast  cells  are  particularly  numerous  in  the 
hypothalamus  (Edvinsson  et  al.,  1977)  and  the  hypothalamus  contains 
the  highest  histamine  concentrations  in  the  brain  (Gross,  1982;  Taylor 
et  al.,  1972).  In  contrast,  the  second  region  of  interest,  the  postcentral 
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gyrus,  is  an  area  with  little  histamine  (Taylor  et  al.,  1972)  and  few  mast 
cells  (Edvinsson  et  al.,  1977). 

MATERIALS  AND  METHODS 

Twenty-five  rhesus  monkeys  (Macaca  mulatta),  weighing  between 
2.4  and  4.6  kg  (3.3  ±  0.13  SEM),  were  used  in  this  study.  The  animals 
were  divided  randomly  into  three  groups  of  six  animals  each  and  one 
group  of  seven.  The  animals  were  grouped  as  follows:  group  I,  6  sham- 
radiated  monkeys;  group  II,  7  radiated  monkeys;  group  III,  6  monkeys 
given  the  mast-cell  stabilizer  disodium  cromoglycate  (DSCG)  by  iv  infu¬ 
sion  (100  mg/kg)  60  min  before  radiation;  and  group  IV,  6  monkeys 
given  the  mast-cell  stabilizer  BRL  22321  iv  (0.1  mg/kg)  5  min  before  radi¬ 
ation.  These  dosages  were  selected  to  approximate  the  levels  reported 
by  Spicer  et  al.  (1983)  for  maximum  effectiveness  in  rats. 

Research  was  conducted  according  to  the  principles  enunciated  in 
the  Guide  for  the  Gare  and  Use  of  Laboratory  Animals  prepared  by  the 
Institute  of  Laboratory  Animal  Resources,  National  Research  Council. 
The  monkeys  were  initially  anesthetized  in  their  cages  with  an  im  injec¬ 
tion  of  60  mg  of  ketamine  hydrochloride  with  0.04  mg  atropine  sulfate 
and  were  then  moved  to  the  surgery,  where  the  remainder  of  the  ex¬ 
periment  was  conducted. 

Approximately  3  h  before  radiation  or  sham  radiation,  the  animals 
were  intubated  with  a  cuffed  endotracheal  tube  and  ventilated  using  a 
forced-volume  respirator  to  maintain  a  stable  blood  pH  and  oxygen 
tension.  After  insertion  of  the  endotracheal  tube,  each  animal  was 
placed  on  a  circulating  water  blanket  to  maintain  body  temperature 
between  36  and  38°C.  A  rectal  probe  was  inserted  to  monitor  body  tem¬ 
perature.  A  femoral  arterial  catheter  was  used  to  withdraw  blood  for 
blood  gas  determinations  and  to  measure  systemic  arterial  blood  pres¬ 
sure  using  a  Statham  P23  Db  pressure  transducer.  A  systemic  venous 
catheter  was  used  to  administer  the  DSCG,  BRL  22321,  physiological 
saline,  and  maintenance  doses  of  anesthetic  («  -  chloralose,  as  needed, 
for  a  total  dose  of  100  mg/kg). 

The  animal's  head  was  positioned  on  the  headholder  of  a  stereo¬ 
taxic  instrument  (David  Kopf  Instruments,  Tujunga,  Calif.)  and  the 
scalp  was  shaved  and  incised,  allowing  access  to  the  skull.  Using  the 
stereotaxic  mic  romanipulator,  the  skuH  was  marked  for  insertion  ot 
lour  electrodes,  and  small  burr  holes  were  drilled  through  the  skull  at 
these  marks.  Again,  using  the  mic  romanipulator,  one  electrode  was 
placed  in  the  left  and  one  in  the  right  supraoptic  nucleus  of  the  hypo¬ 
thalamus  (Snider  and  Lee,  1961).  In  the  same  manner,  one  electrode 
was  f  laced  in  the  left  and  one  in  the  right  posterior  central  gyrus  of  the 
parietal  cortex,  4  mm  each  side  of  the  longitudinal  fissure.  The  latter 
two  electrodes  were  placed  so  that  the  tips  were  2  mm  below  the  sur- 
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face  to  insure  that  measurements  would  be  taken  from  the  cortical  grey 
matter.  The  electrodes  were  Teflon-coated,  platinum-iridium  wire  of 
0.178  mm  diameter,  encased  in,  but  insulated  from,  rigid  stainless-steel 
tubing  (22-gauge  spinal  needle)  with  exposed  tips  of  approximately  2 
mm.  The  exposed  dura  was  covered  with  moistened  pledgets,  and  the 
electrodes  were  sealed  and  secured  to  the  skull  with  dental  acrylic.  A 
stainless-steel  reference  electrode  was  placed  in  neck  tissue. 

Regional  cerebral  blood  flow  was  measured  by  the  hydrogen  clear¬ 
ance  technique  for  30  min  before  radiation  or  sham  radiation  and  for  60 
min  after  (Aukland  et  al . ,  1964;  Young,  1980).  This  technique  is  essen¬ 
tially  an  amperometric  method,  which  measures  the  current  induced  in 
a  platinum  electrode  by  the  reduction  of  hydrogen.  The  current  pro¬ 
duced  has  a  linear  relationship  with  the  concentration  of  hydrogen  in 
the  tissue  (Hyman,  1961).  Hydrogen  was  introduced  into  the  blood  via 
inhalation  through  the  endotracheal  tube  at  a  rate  of  approximately  5% 
of  the  normal  respiratory  intake  for  1-2  min  for  each  flow  measure¬ 
ment.  Blood  flow  was  measured  by  each  of  the  four  electrodes  every 
5-10  min.  The  electrodes  were  maintained  electrically  at  +600  mV  in 
respect  to  the  reference  electrode  to  reduce  possible  oxygen  and 
ascorbate  interference.  This  method  has  been  successfully  employed 
in  several  similar  studies  (Cockerham  et  al.,  1986). 

Measurement  of  currents  from  each  electrode  were  fed  through 
the  polarograpMc  amplifier  (Triangle  Research  and  Development  Cor¬ 
poration,  Research  Triangle  Park.  N.C.)  and  then  to  a  recorder,  which 
produced  curves  depicting  the  clearance  of  hydrogen  from  the  tissues. 
The  clearance  curves  were  then  analyzed  by  a  PDP  11/70  computer 
equipped  with  a  VT55  terminal  and  a  Versatex  plotter  (Digital  Equip¬ 
ment  Corporation,  Maynard,  Mass.).  The  first  60  s  after  the  peak  of  the 
curves  was  neglected  to  obviate  contamination  by  arterial  recirculation 
(Martins  et  al. ,  1974).  Data  points  were  measured  every  second  for  60  s. 
The  flow  was  calculated  between  every  two  points,  and  a  linear  regres¬ 
sion  was  performed  over  the  60-s  period. 

After  30  min  of  baseline  recording,  the  animals  were  disconnected 
from  the  respirator  and  recording  apparatus  to  facilitate  radiation  in  a 
separate  room.  After  radiation,  or  sham  radiation  for  controls,  the  an¬ 
imals  were  reconnected  to  the  respirator  and  recording  apparatus  at  4 
min  postradiation,  and  measurements  were  continued  for  a  minimum 
of  60  min.  At  10  and  10  min  before  radiation  or  sham  radiation,  and  at  6, 
15,  30,  45,  and  60  min  after  radiation  or  sham  radiation,  blood  samples 
were  taken  via  the  arterial  catheter  to  monitor  stability  of  blood  pH  and 
oxygen  tension,  and  respiration  was  adjusted  to  maintain  preradiation 
levels.  Body  temperature  was  monitored  and  maintained  with  the 
water  blanket.  Mean  systemic  arterial  blood  pressure  was  determined 
via  the  arterial  catheter  for  the  duration  of  the  experiment.  Alter  termi- 
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nation  of  the  measurements,  the  location  of  the  electrodes  was  exam¬ 
ined  visually  for  verification  of  placement. 

Irradiation  was  accomplished  with  a  bilateral,  whole-body  exposure 
to  gamma-ray  photons  from  a  cobalt-60  source  located  at  the  Armed 
Forces  Radiobiology  Research  institute  (AFRRI).  Exposure  was  limited 
to  a  mean  of  1.38  min  at  74  Gy/min  steady  state,  free-in-air.  Dose-rate 
measurements  at  depth  were  made  with  an  ionization  chamber  placed 
in  a  tissue-equivalent  model.  The  measured  midline  tissue  dose  rate 
was  69  Gy/min,  producing  a  calculated  total  dose  of  100  Gy,  taking  into 
account  the  rise  and  fall  of  the  radiation  source. 

Blood  pressure  and  blood  flow  data  were  grouped  into  10-min  in¬ 
tervals,  measured  in  relation  to  midtime  of  radiation,  and  plotted  at  the 
middle  of  the  interval.  The  Wilcoxon  rank  sum  test  was  used  to  analyze 
statistically  the  blood  pressure  and  blood  flow  data.  A  95%  level  of 
confidence  was  employed  to  determine  significance.  Since  all  the  an¬ 
imals  were  treated  identically  before  radiation  or  sham  radiation,  and 
since  the  preradiation  data  for  the  control  and  test  animals  showed  no 
significant  differences,  the  preradiation  data  for  the  irradiated  and 
sham-irradiated  animals  were  combined. 

RESULTS 

As  seen  in  Fig.  1,  the  mean  systemic  arterial  blood  pressure  (MABP) 
of  untreated,  irradiated  animals  decreased  to  46%  of  the  preradiation 
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mean  of  107.6  ±  2.2  mmHg  within  10  min  postradiation.  A  slight,  non¬ 
significant  rise  was  seen  at  20  min  postradiation,  followed  by  a  steady 
decline  to  a  60-min  postradiation  level  that  was  28%  of  the  preradiation 
values.  After  sham  radiation  there  was  no  significant  change  in  MABP 
for  the  six  control  monkeys.  The  12  treated,  irradiated  monkeys 
(groups  II  and  III)  displayed  a  decreased  MABP  that  was  not  different 
statistically  from  the  7  untreated,  irradiated  monkeys.  The  MABP  values 
for  the  irradiated  groups,  although  not  different  statistically  from  each 
other,  are  different  statistically  from  the  sham-irradiated  control  group. 
The  respiration  of  each  subject  was  maintained  at  preradiation  levels 
and,  although  not  presented,  the  blood  gas  data  revealed  a  general 
stability  of  blood  pH  and  oxygen  tension  throughout  the  experimental 
period. 

Figure  2  displays  a  preradiation  mean  blood  flow  of  64.9  ±  5.3 
ml/100  g  tissue  •  min  in  the  supraoptic  nucleus  of  the  hypothalamus. 
The  postradiation  blood  flow  values  for  the  sham-irradiated,  control 
monkeys  showed  only  a  slight,  insignificant  increase  during  the  60  min 
after  sham  radiation.  However,  the  postradiation  values  for  the  un¬ 
treated,  irradiated  animals  showed  a  rapid,  significant  decline  to  66%  of 
the  preradiation  levels  at  10  min  postradiation.  At  60  min  postradiation 
the  blood  flow  had  decreased  to  43%  of  the  preradiation  or  baseline 
level.  There  was  a  significant  difference  (p  =  0.05)  between  the  control 
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FIGURE  2.  Mean  (  *  SEM)  hypothalamic  blood  flow  after  exposure  to  100  Gy  whole-body  gamma 
radiation,  presented  as  percent  ot  preradiation  level  Treated  groups  r<  eived  either  10  mg  kg 
DSC 'G  at  60  mm  preradiation  or  0.1  mg  kg  BRl  22121  at  o  mm  preradiation. 
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and  untreated,  radiated  groups  at  all  postradiation  times  of  measure¬ 
ment.  In  contrast,  the  hypothalamic  blood  flow  in  the  DSCC-treated, 
irradiated  monkeys  fell  only  slightly,  to  about  84%  by  10  min  postradia¬ 
tion,  and  averaged  about  90%  of  the  preradiation  baseline  for  the  re¬ 
mainder  of  the  60  min.  At  the  10-min  postradiation  observation  there 
was  no  significant  difference  between  this  group  and  the  other  two 
radiated  groups;  however,  a  statistically  significant  difference  did  exist 
between  the  DSCG-treated,  irradiated  group  and  the  untreated,  irra¬ 
diated  group  from  20  min  postradiation  through  the  remainder  of  the 
measurements.  There  was  no  significant  difference  between  the 
DSCG-treated,  irradiated  group  and  the  sham-irradiated  group  from  20 
to  60  min  postradiation.  Monkeys  given  the  mast-cell  stabilizer  BRL 
22321  (group  IV)  exhibited  a  supraoptic  nucleus  postradiation  blood 
flow  that  decreased  to  73%  by  10  min  postradiation  and  was  signifi¬ 
cantly  different  from  that  of  the  control  animals  at  the  10,  20,  50,  and  60 
min  postradiation  times.  At  no  time  postradiation  did  the  BRL  22321  - 
treated  monkeys  significantly  differ  in  hypothalamic  blood  from  the 
untreated,  irradiated  group  (II)  of  animals  or  from  the  DSCG-treated, 
irradiated  group  (III)  of  animals. 

The  preradiation  cortical  blood  flow,  as  shown  in  Fig.  3,  was  45.0  ± 
3.6  ml/100  g  tissue  •  min.  The  postradiation  flow  for  the  sham-irradiated 
group  of  monkeys  showed  no  significant  changes  for  the  60-min  obser¬ 
vation  period.  The  postradiation  blood  flow  values  for  the  untreated, 
radiated  monkeys  showed  a  steady  decline  to  21%  of  the  preradiation 
levels  by  50  min  postradiation.  These  levels  became  significantly  dif¬ 
ferent  (p  =  0.05)  from  those  of  the  control  group  at  10  min  postradia¬ 
tion  and  remained  that  way  for  the  remainder  of  the  observations. 

In  the  cortex,  as  in  the  hypothalamus,  blood  flow  in  DSCG-treated, 
irradiated  monkeys  did  not  follow  the  same  pattern  as  in  the  untreated, 
irradiated  animals.  The  cortical  blood  flow  in  the  DSCG-treated  group 
dropped  to  approximately  60%  in  !0  min  and  then  increased  to  base¬ 
line  levels  at  20  min  postradiation,  followed  by  a  steady  decline  to  58% 
of  baseline  by  50  min  postradiation.  The  cortical  blood  flow  values  for 
the  DSCG-treated  group  were  significantly  different  (p  =  0.05)  from 
the  control  group  at  10  min  postradiation,  but  not  from  the  untreated, 
irradiated  group.  However,  at  20  and  30  min  postradiation  this  group 
was  significantly  different  from  the  untreated,  irradiated  group,  but  not 
from  the  control  group.  This  relationship  between  the  DSCG-treated 
group  and  the  other  two  groups  reversed  again  for  the  remainder  of 
the  observations,  with  the  treated  group  now  again  significantly  dif¬ 
ferent  from  the  control  group,  but  not  from  the  untreated,  irradiated 
group. 

The  postradiation  cortical  blood  flow  for  the  BRl  22321-treated 
monkeys  followed  a  pattern  similar  to  the  one  for  the  DSCG-treated 
group,  decreasing  to  60%  in  10  min  and  then  inc  reasing  to  79%  of  the 
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preradiation  level  at  20  min  postradiation.  This  increase  was  followed 
by  a  steady  dec  rease  to  46%  of  preradiation  values  by  50  min  postradia- 
tion.  At  20  min  postradiation  this  group  was  not  significantly  different 
from  the  other  three  groups,  but  did  differ  from  the  control  group  at  all 
other  times.  At  no  time  postradiation  did  the  ORL  2232 1 -treated 
monkeys  significantly  differ  from  the  untreated,  irradiated  group  (II)  or 
the  DSCG-treated,  irradiated  group  (III)  in  cortical  blood  flow. 

DISCUSSION 

Postradiation  hypotension  has  been  well  documented  in  the  rhesus 
monkey,  and  a  critical  postradiation  mean  arterial  blood  pressure 
(MABP)  of  50-60%  of  the  preradiation  MABP  must  be  maintained  for 
adequate  autoregulation  of  cerebral  circulation  (Chapman  and  Young, 
1968;  Doyle  ot  al.,  1974;  Farrar  et  al.,  1981).  The  initial  pre¬ 
cipitous  decline  in  MABP  to  46%  of  the  preradiation  levels  may  then  be 
associated  with  the  similar  immediate  decrease  in  blood  flow  seen  in 
both  the  hypothalamus  and  the’  cerebral  cortex  ot  the  untreated,  irra¬ 
diated  animals.  A  similar  dec  rease  in  cerebral  blood  tlow  accompanied 
bv  symptoms  and  signs  of  cerebral  ischemia  has  been  reported  in 
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humans  (Finnerty  et  al.,  1957).  On  the  basis  of  the  diminished  cerebral 
blood  flow  reported  in  these  animals,  one  might  expect  a  severe  func¬ 
tional  impairment  of  the  CNS  in  monkeys  following  radiation.  In  fact, 
postradiation  early  transient  incapacitation  (ETI)  has  been  reported  in 
monkeys  starting  as  early  as  2  min  postradiation,  lasting  for  10-30  min 
and  often  accompanied  by  severe  systemic  hypotension  during  which 
MABP  decreased  to  less  than  50%  of  normal  (Bruner,  1977;  Doyle  et  al., 
1971).  The  decline  in  MABP  and  cerebral  blood  flow  (CBF)  reported 
here  corresponds  closely  in  time  with  the  observed  occurrence  of  ETI 
(Bruner,  1977;  Curran  et  al.,  1973;  Doyle  et  al.,  1974)  and  suggests  a 
causal  relationship  between  the  depressed  MABP,  CBF,  and  the  ap¬ 
pearance  of  ETI. 

However,  the  maintenance  of  a  normal  MABP  in  postradiated 
monkeys  administered  norepinephrine  did  not  improve  postradiation 
performance  significantly  above  those  injected  with  saline  (Turns  et  al., 
1971).  Conversely,  the  antihistamine  chlorpheniramine  maleate  was  ef¬ 
fective  in  reducing  ETI  and  postradiation  performance  decrement, 
while  at  the  same  time  reducing  postradiation  hypotension  in  monkeys 
(Doyle  et  al.,  1974).  This  study,  however,  using  the  mast-cell  stabilizers 
disodium  cromoglycate  (DSCG)  or  BRL  22321,  was  not  able  to  prevent 
postradiation  hypotension  in  monkeys,  but  was  able  to  alter  postradia¬ 
tion  cerebral  blood  flow  (to  a  significant  extent  in  the  case  of  DSCG). 

Autoregulation  of  cerebral  blood  flow  to  the  hypothalamus  ap¬ 
peared  to  be  intact  in  animals  pretreated  with  DSCG,  even  though  the 
postradiation  MABP  fell  to  approximately  30%  of  the  preradiation  level. 
Based  on  the  high  concentration  of  mast  cells  in  the  hypothalamus  ( Ed- 
vinsson  et  al.,  1977)  and  the  ability  of  DSCG  to  stabilize  mast  cells,  it 
seems  that  the  degranulation  of  mast  cells  may  be  responsible,  in  part, 
for  the  radiation-induced  loss  of  autoregulation  of  blood  flow  in  the 
hypothalamus  and,  therefore,  partially  responsible  for  the  radiation- 
induced  performance  decrement.  This  contention  is  supported  by  in¬ 
vestigators  who  have  reported  radiation-induced  release  of  histamine 
from  mast  cells  (Doyle  and  Strike,  1977)  and  the  reduction  of  ETI  by  the 
administration  of  antihistamines  (Doyle  et  al.,  1974).  Further,  the  differ¬ 
ence  in  the  magnitude  of  the  protective  effect  of  DSCG  between  the 
cortex  and  the  hypothalamus,  seen  in  the  latter  time  periods,  impli¬ 
cates  a  local  histamine  release  as  a  mediator  of  the  response. 

The  measurements  of  cortical  blood  flow  in  the  postcentral  gyrus  of 
radiated  monkeys  pretreated  with  mast-cell  stabilizers,  when  plotted  at 
postradiation  times  (Fig.  3),  present  a  graph  strikingly  similar  to  the 
performance  graph  of  monkeys  exposed  to  89  Gy  of  mixed  gamma- 
neutron  radiation  (Curran  et  al.,  1973),  with  the  same  temporal  rela¬ 
tionship.  This  triphasic  response  in  monkeys  pretreated  with  mast-cell 
stabilizers  indicates  that  the  degranulation  of  mast  cells  is  involved 


100 


L.  C.  COCKERHAM  ET  AL. 


with,  but  may  not  be  able  to  completely  account  for,  the  loss  of  auto¬ 
regulation  of  blood  flow  to  the  postcentral  gyrus. 

Even  though  a  temporal  relationship  does  seem  to  exist  between 
cortical  blood  flow  and  ETI,  the  presence  of  other  factors  must  not  be 
excluded.  Some  other  chemical  factor(s)  could  be  released  by  radia¬ 
tion,  cause  the  release  of  histamine  from  mast  cells,  and  produce  ETI 
by  acting  as  a  neurotransmitter  or  neuromodulator  in  the  central 
nervous  system.  Before  a  temporal  relationship,  and  definitely  a  causal 
relationship,  can  be  established,  postradiation  measurements  of  blood 
chemistry,  cerebral  blood  flow,  and  behavioral  effects  must  be  accom¬ 
plished  on  the  same  animal  subject. 

While  the  effects  of  BRL  22321  in  altering  postradiation  blood  flow 
in  the  cerebral  cortex  and  hypothalamus  were  found  to  be  interme¬ 
diate  between  the  irradiated  controls  and  those  pretreated  with  DSCG, 
revealing  a  similar  trend,  these  results  were  not  considered  to  be  sig¬ 
nificant  at  the  concentration  employed.  As  previously  mentioned,  the 
dosages  were  calculated  to  approximate  the  levels  reported  to  be  maxi¬ 
mally  effective  in  rats  (Spicer  et  al.,  1983).  Although  it  is  difficult  to 
compare  the  two  studies,  since  different  species  and  different  pertur¬ 
bations  were  employed,  the  results  suggest  that  a  larger  dosage  of  BRL 
22321  may  yet  (as  has  DSCG)  prove  to  be  effective  in  maintaining 
postradiation  cerebral  blood  flow. 
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Membrane  properties  and  responsiveness  to  norepinephrine  were  studied  in  pinealocytes  in  tissue  culture  using  both  conventional 
and  whole-cell  patch-clamp  techniques.  Action  potentials  could  be  recorded  in  normal  and  tetrodotoxin-containing  saline.  Both  out¬ 
ward  and  inward  rectification  were  prominent.  Under  voltage-clamp,  depolarizing  voltage  steps  evoked  time-dependent  outward  cur¬ 
rents  showing  no  inactivation  over  time.  Hyperpolarizing  steps  evoked  slowly  developing  inward  currents  which  did  not  inactivate.  If 
the  holding  potential  was  sufficiently  negative,  depolarizing  steps  also  elicited  a  transient  outward  current.  Iontophoresis  of  norepi¬ 
nephrine  produced  a  hyperpolarization  in  309f  of  cells  tested. 


The  interaction  between  sympathetic  nerve  termi¬ 
nals  and  pinealocytes  has  been  among  the  most  thor¬ 
oughly  studied  neurotransmitter-effector  relation¬ 
ships  in  the  nervous  system.  It  was  one  of  the  earliest, 
and  still  remains  one  of  the  few,  systems  wherein  the 
link  between  agonist-receptor  binding  and  subse¬ 
quent  functional  biochemical  changes  were  thor¬ 
oughly  characterized.  Surprisingly,  there  have  been 
few  studies  of  the  intracellular  electrophysiological 
correlates  to  the  well  characterized  biochemical  ef¬ 
fects  of  pineal  //-adrenoreceptor  activation''14.  Fur¬ 
thermore,  nothing  is  known  about  the  intrinsic  mem¬ 
brane  properties  of  pinealocytes.  Proper  interpreta¬ 
tion  of  neurotransmitter  effects  requires  that  the  un¬ 
derlying  membrane  conductances  be  known". 

In  this  study  we  used  intracellular  electrophysio¬ 
logical  techniques  to  investigate  membrane  prop¬ 
erties  of  pinealocytes  in  culture  and  their  responsive¬ 
ness  to  norepinephrine.  Tissue  culture  methods  and 
conventional  electrophysiological  techniques  have 
been  fully  described  elsewhere51".  Pineal  glands 
were  removed  from  2-day-old  rats,  dissociated  and 
plated  onto  35-mm  plastic  culture  dishes.  Cultures 
were  maintained  for  up  to  a  month  using  modified 


Ham's  F|i  growth  medium  supplemented  with  59 'c 
(v/v)  fetal  bovine  serum  and  fresh  glutamine  and  as¬ 
corbic  acid.  Under  these  conditions  it  has  been  shown 
previously  that  pinealocytes  differentiate  in  culture, 
acquiring  //-adrenoreci  n  ors  and  the  metabolic 
mechanisms  for  melatonin  production1015. 

Recording  electrodes  were  filled  with  4  M  potassi¬ 
um  acetate  and  had  resistances  of  100-200  MQ.  For 
iontophoresis,  (-)-norepinephrine  hydrochloride 
(Sigma)  was  dissolved  in  distilled  water,  immediately 
before  use,  at  a  concentration  of  0.1  or  1.0  M.  pH 
4-5.  Norepinephrine  was  ejected  bv  passing  positive 
current  pulses  by  means  of  a  constant-current  micro- 
iontophoretic  programmer  (WP  Instruments  Model 
160).  A  negative  braking  current.  1-3  nA,  was  main- 
tai’ied,  and  the  drug  pipette  was  moved  away  from 
the  pinealocyte  between  drug  applications.  Current 
pulses  of  opposite  polarity  were  applied  in  order  to 
detect  possible  current  artifacts.  Positive  current 
pulses  from  pipettes  containing  HC1.  pH  3.  caused 
either  no  response  or  a  small,  rapid  (less  than  2  mV) 
depolarizing  response  in  5  consecutively  studied  pi¬ 
nealocytes. 

Whole-cell  clamping  was  done  as  described  by 
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Hamill  et  al.'.  Suction  was  applied  to  a  fire-polished 
micropipette  pressed  against  the  pinealocyte  mem¬ 
brane  until  a  membrane-electrode  seal  exceeding  10 
GQ  in  resistance  was  attained.  The  membrane  patch 
under  the  electrode  was  then  ruptured  by  increasing 
the  suction  applied  to  the  pipette.  Several  solutions 
were  used  to  fill  the  patch  pipette  in  these  experi¬ 
ments.  The  standard  internal  solution  contained  (in 
mM):  NaCl  10.  KCI  145.  MgCI:  1.0.  Cat  l:  1.0. 
EGTA  1.5.  HEPES  10  (pH  7.2  with  KOH)  Because 
pinealocytes  rather  quickly  deteriorated  after  inter¬ 
nal  perfusion,  potassium  aspartate  was  substituted 
for  KCI.  but  with  little  notable  improvement  in  pine- 
alocyte  survival.  Other  variations  in  internal  solu¬ 
tions  are  noted  in  figure  legends.  Experiments  were 


done  both  in  HEPES-buffered  tissue  culture  medium 
or  in  HEPES-buffered  Hank's  saline.  All  norepi¬ 
nephrine  iontophoresis  experiments  were  done  at 
37  °C  because  of  earlier  reports  that  the  response  to 
norepinephrine  may  depend  on  temperature-sensi¬ 
tive  mechanisms'.  Investigations  of  voltage-  and 
time-dependent  membrane  conductances  were  done 
at  room  temperature.  Tetraethylammonium  chloride 
(TEA),  up  to  50  mM.  was  substituted  for  equimolar 
quantitites  of  NaCl  in  some  experiments.  Tetrodo- 
toxin  ( ITX).  3//M.  was  used  in  some  experiments  to 
block  the  voltage-dependent  sodium  current  in  order 
to  uncover  smaller  inw  ard  currents. 

More  than  60  cells  were  studied  using  either  con¬ 
ventional  or  patch-clamp  technique.  Twenty-five 


20  mV 


20  msec 


20  mV  T 

1  nA  I - 1 

1  0  msec 


20  mV  r 
0.5  nA  L— i 
20  msec 


lontophoretic 


Kit  I  lop  panel  (  A  (1  action  potentials  in  pinealocytes  in  culture.  Upper  trace,  voltage,  lower  trace,  current  A  and  0  (different 
cells)  show  intracellular  recordings  with  potassium  acetate  microelectrodes.  A:  anodal  break  spike  Resting  membrane  potential  -38 
mV  H  spike  evoked  by  depolarizing  current  pulse,  resting  potential  -4(1  mV  C:  slow  regenerative  response  measured  with  whole-cell 
patch  technique  Input  resistance,  measured  as  voltage  displacement  at  end  of  hvpcrpolari/ing  step  divided  by  the  applied  current, 
was  I  GQ,  resting  potential  7(1  mV  I)  hvperpolan/ing  response  of  pinealocvte  to  norepinephrine  I),  ,  response  increased  in  ampli¬ 
tude  as  lontophoretic  pulse  increased  in  duration  Response  showed  no  decline  during  prolonged  pulse  1)^  Pulse  ol  opposite  polarity 
had  no  effect  on  membrane  potential  Downward  deflections  on  voltage  traces  are  responses  to  small  hvpcrpolari/ing  current  pulses 
(not  seen  at  low  gain  on  current  trace)  used  to  assess  membrane  input  resistance  and  status  ol  amplifier  bridge  balance  Vertical  cali¬ 
bration  bar  represents  400  n.A  for  the  top  (current)  traces.  211  mV  lor  the  middle  thigh  voltage  gain  I  traces  anil  40  mV  for  the  lower 
(low  voltage  gain)  traces 
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cells  were  studied  using  conventional  intracellular  pi¬ 
pettes.  Of  these,  in  13  consecutively  examined  cells, 
resting  membrane  properties  were  determined.  Nor¬ 
epinephrine  was  applied  to  30  cells,  25  of  which  were 
studied  with  conventional  electrodes  and  5  with 
patch-clamp  electrodes. 

When  pinealocytes  were  penetrated  with  conven¬ 
tional  potassium  acetate  electrodes,  there  was  usual¬ 
ly  a  rapid  and  progressive  decline  in  membrane  po¬ 
tential  and  input  resistance.  These  cells  were  not  fur¬ 
ther  studied.  In  those  cells  where  stable  membrane 
potentials  were  recorded,  there  was  usually  an  initial 
rapid  fall  in  potential  before  a  steady-state  potential 
was  reached.  In  such  cells  the  mean  membrane  po¬ 
tential  was  32  ±  3.2  mV  (mean  ±  S.E.M.,  n  =  13).  In 
some  of  these  cells,  small  anodal  break  spikes  were 
seen  (Fig.  1  A),  and  in  some,  if  the  membrane  poten¬ 
tial  was  made  more  negative  by  passing  steady  in¬ 
ward  current  via  the  amplifier  bridge  circuit,  a  small 
spike  could  be  evoked  by  depolarizing  current  pulses 
(Fig.  IB).  In  most  cells,  even  when  steady  resting 
membrane  potentials  were  attained,  spike  electroge¬ 
nesis  rapidly  disappeared. 

We  had  hoped  that  we  could  achieve  more  stable 
long-term  recordings  by  using  the  whole-cell  patch- 
clamp  technique.  This  method  has  permitted  accu¬ 
rate  recording  from  some  types  of  small  cells.  We 
found  that,  despite  varying  intracellular  solutions, 
we  still  could  not  record  from  pinealocytes  for  more 
than  about  5  min.  In  some  respects,  however,  the  gi- 
gaohm  seal  did  offer  some  notable  refinements  over 
conventional  techniques.  Because  of  the  very  high 
membrane-electrode  seal  resistance,  the  pinealo- 
cyte  input  resistances  were  not  shunted  by  the  patch 
technique  as  they  were  by  conventional  microelec¬ 
trodes.  With  the  standard  intracellular  solution,  rest¬ 
ing  potentials  were  in  the  range  of  -50  to  -70  mV, 
and  input  resistances  commonly  exceeded  1  GQ  (Fig. 
1C).  This  is  in  accord  with  results  obtained  in  other 
small  secretory  cells  (see  discussion  below). 

Using  the  whole-cell  patch  technique  in  the  current 
clamp  mode,  overshooting  action  potentials,  which 
declined  in  several  seconds,  were  frequently  seen. 
Over  the  next  several  minutes  small  active  responses 
and  anodal  break  spikes  could  still  be  evoked  in  most 
cells  (Figs.  1C,  2A).  Frequently,  pinealocytes  exhib¬ 
ited  prolonged  undershooting  active  responses  (Fig. 
1C).  Active  responses  were  seen  both  in  the  presence 
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Fig.  2.  Inward  and  outward  rectification  in  pinealocytes; 
whole-cell  patch-clamp  recordings.  Modifications  in  standard 
(see  text)  solutions:  TEA.  10  n>M.  present  in  external  bath  so¬ 
lution;  EGTA.  ImM.  and  noau.led  calcium  in  pipette  solution. 
A-D  from  different  cells;  C  and  E  trom  same  cell.  A:  responses 
to  constant  current  steps.  Upper  trace,  current;  lower  trace, 
voltage.  Depolarization  caused  slow,  overshooting  active  re¬ 
sponse  followed  by  delayed  (outward)  rectification.  Resting 
potential  was  -40  mV.  B:  voltage-current  plot  of  data  from 
another  cell  which  showed  no  overshooting  action  potentials 
Line  drawn  by  eye.  Resting  potential  was  -58  mV.  C'-E:  vol¬ 
tage-  and  time-dependent  membrane  currents  in  voltage- 
clamped  pinealocytes  In  C  and  D.  upper  series  of  traces  is  cur¬ 
rent;  lower  series  of  traces  is  voltage  C:  inward  and  outward 
rectification;  V„  -46  mV  D  transient  outward  currents  and  in¬ 
ward  rectification;  V„  -83  mV  F.  current -voltage  relation¬ 
ship  plotted  from  data  shown  in  ('.  line  drawn  by  eye;  slope 
measured  from  linear  portion  of  plot 

and  absence  of  3  mM  TT.X  Because  of  the  fragile  na¬ 
ture  of  these  cells,  the  mechanical  vibrations  caused 
by  perfusion  prohibited  us  from  examining  the  spike- 
before  and  alter  TTX  washout.  Therefore,  we  could 
not  determine  to  what  extent  TTX-sensitive  sodium 
channels  (vs  calcium  channels  or  other  types  of  sodi¬ 
um  channels)  contribute  to  spike  electrogenesis. 

The  most  persistent  and  striking  finding  was  the 
prominent  inward  and  outward  rectification  present 
in  these  cells  (Fig.  2)  Outward  rectification  devel¬ 
oped  within  about  20  ms  Inward  rectification  was  a 
much  slower  process,  usuallv  requiring  more  than 
1(H)  ms  for  its  full  activation  In  the  presence  of  up  to 


50  mM  TEA,  both  the  inward  and  outward  rectifica¬ 
tion  were  still  present  with  little  evidence  of  inhibi¬ 
tion  (Fig.  2).  As  a  consequence,  TEA  did  not  sub¬ 
stantially  enhance  the  amplitude  or  duration  of  the 
action  potentials. 

Under  voltage-clamp,  depolarizing  steps  from 
holding  potentials  (VH)  equal  to  the  resting  potential 
gave  rise  to  labile,  slow  net  inward  currents  that  de¬ 
clined  within  seconds.  Corresponding  to  the  rectifica¬ 
tion  seen  in  the  current  clamp  mode,  the  membrane 
currents  that  persisted  in  time  were  the  slow  outward 
currents  elicited  by  depolarizing  voltage  steps  and 
the  slow  inward  currents  following  hyperpolarizing 
voltage  steps  (Fig.  2C-E).  When  VH  was  shifted  to 
more  negative  values,  depolarizing  steps  evoked  a 
transient  outward  current  (Fig.  2D),  which  peaked 
within  10-20  ms  and  decayed  over  about  50  ms. 

In  about  30%  of  the  pinealocytes  tested,  norepi¬ 
nephrine  caused  a  change  in  membrane  potential.  In 
every  case,  this  response  was  a  hyperpolarization.  As 
shown  in  Fig.  ID,  the  response  was  dose-dependent, 
increasing  in  amplitude  as  the  iontophoretic  current 
was  increased  in  amplitude  or  duration.  During  pro¬ 
longed  application  of  iontophoretic  current,  the  hy¬ 
perpolarization  persisted,  showing  no  sign  of  desensi¬ 
tization.  When  the  iontophoretic  current  was  re¬ 
versed  in  polarity,  there  was  no  resultant  alteration 
in  pinealocyte  membrane  potential.  By  passing  con¬ 
stant  current  steps  across  the  pinealocyte  membrane, 
we  attempted  to  monitor  the  membrane  input  resis¬ 
tance  during  the  norepinephrine-induced  hyperpola¬ 
rization.  In  most  cased  there  appeared  to  be  an  in¬ 
crease  in  input  resistance,  as  judged  by  the  larger  vol¬ 
tage  responses  to  the  constant-current  steps  during 
the  norepinephrine  response  (Fig.  ID). 

In  this  study  was  have  used  intracellular  electro- 
physiological  techniques  to  examine  membrane 
properties  of  rat  pinealocytes  in  tissue  culture.  The 
values  of  resting  membrane  potential  are  similar  to 
those  found  by  Parfitt  et  al.  (see  ref.  9)  in  acutely  re¬ 
moved  pineal  glands  in  vitro.  The  results  obtained 
with  the  patch  technique:  however,  suggest  that  this 
value  may  be  low  and  may  reflect  considerable  shunt¬ 
ing  through  the  membrane-pipette  seal,  a  problem 
commonly  encountered  when  recording  from  small 
cells  having  high  input  resistances.  On  the  other 
hand,  although  the  more  negative  potentials  ob¬ 
tained  with  the  patch  technique  may  more  accurately 


represent  the  cells’  resting  potentials,  it  must  be  real¬ 
ized  that  the  cytoplasm  is  completely  perfused  with 
the  intrapipette  solution4.  Therefore,  the  recorded 
potential  reflects  the  ratio  of  the  intrapipette  ions  to 
the  ions  bathing  the  outside  of  the  cell,  and  this  ratio 
may  be  far  from  physiological. 

We  found  that  only  30%  of  the  pinealocytes  tested 
showed  a  response  to  norepinephrine  and  that  all  of 
these  responding  cells  were  hyperpolarized  by  the 
drug.  This  agrees  with  the  finding  by  Semm  and  Voll- 
rathlh  that  the  frequency  of  spontaneous  spikes  in 
38%  of  tested  single  units  recorded  in  anesthetized 
guinea  pigs  were  inhibited  by  norepinephrine.  The 
hyperpolarization  recorded  in  these  pinealocytes  in 
culture  was  like  that  found  by  Parfitt  et  al.9  in  rat  pi¬ 
neal  glands  in  vitro.  We  were  unable  to  determine 
the  ionic  mechanism  of  this  response  because  the  fra¬ 
gility  of  the  cells  and  short  recording  periods  did  not 
allow  perfusion  of  solutions  containing  various  ion 
concentrations  or  channel  blockers. 

Pinealocyte  membranes  show  strong  rectification 
to  both  inward  and  outward  currents.  Functionally, 
these  properties  may  serve  to  hold  the  membrane  po¬ 
tential  clamped'  within  a  narrow  range.  Of  a  practi¬ 
cal  nature  is  the  effect  that  this  rectification  has  on  in¬ 
terpretation  of  the  resistance  changes  caused  by  nor¬ 
epinephrine.  Together  with  the  difficulty  of  balanc¬ 
ing  the  bridge  circuit  with  high-resistance  electrodes, 
such  membrane  rectification  does  not  allow  one  to 
accurately  determine  the  effect  of  norepinephrine  on 
membrane  resistance.  Such  an  analysis  will  require 
determination  of  complete  current- voltage  relation¬ 
ships  before  and  after  norepinephrine. 

The  transient  outward  current  seen  in  these  cells  is 
similar  to  that  described  by  Neher*  and  by  Connor 
and  Stevens1.  It  has  since  been  found  in  many  differ¬ 
ent  types  of  excitable  cells  (where  it  is  usually  termed 
the  A-current).  Functionally,  it  is  believed  that  this 
current  serves  to  limit  the  speed  at  which  the  mem¬ 
brane  potential  can  reach  the  spike  threshold;  there¬ 
fore.  it  controls  the  frequency  of  repetitive  spiking:. 

There  has  been  uncertainty  as  to  whether  pinealo¬ 
cytes  may  generate  action  potentials.  Our  studies,  in 
agreement  with  Ronnekleiv  et  al.1-  show  that  pinealo¬ 
cytes  are  capable  of  spike  electrogenesis.  As  in  many 
secretory  cells,  it  seems  likely  that  a  part  of  the  spike 
potential  is  due  to  calcium  current  because  action 
potentials  could  be  recorded  in  the  presence  of  TTX. 
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This  would  in  part  explain  the  rapid  loss  of  spike  elec¬ 
trogenesis  during  both  conventional  and  whole-cell 
recording,  for  calcium  currents  are  particularly  sensi¬ 
tive  to  cell  injury  and  to  intracellular  perfusion1 2 3 4 5 6 7 8 9  'V 
Our  consistent  finding  that  norepinephrine  caused 
membrane  hyperpolarization  (also  reported  by  Sakai 
p  .d  Marks14)  would  suggest  that  sympathetic  stimu¬ 
lation  should  decrease  the  frequency  of  pinealocyte 
spiking.  How  this  membrane  hyperpolarization  may 
be  linked  to  subsequent  biochemical  events  and  the 
eventual  secretion  of  melatonin  is  not  known.  A  clue 
to  the  nature  of  such  a  link  would  come  from  knowl¬ 
edge  of  the  ionic  and  biochemical  mechanisms  of  the 
hyperpolarization. 

It  is  interesting  to  compare  pinealocvtes  to  the 
phylogenetically  related  photoreceptors.  The  normal 
resting  potential  of  rod  cells  is  between  -10  and  -30 


mV  (ref.  17).  Light  flashes  hyperpolarize  the  cell  by 
closing  sodium  or  calcium  channels  that  are  open  at 
rest".  The  hyperpolarization  is  not  inhibitory  to  the 
neural  network,  but  rather  it  facilitates  transfer  of  in¬ 
formation  through  the  system.  By  analogy,  the  rest¬ 
ing  potential  of  -30  to  -40  mV  that  we  and  others 
have  recorded  in  pinealocytes  may  be  normal,  and 
the  hyperpolarization  caused  by  norepinephrine  may 
not  be  an  inhibitory  mechanism. 

Supported  by  Armed  Forces  Radiobiology  Re¬ 
search  Institute.  Defense  Nuclear  Agency,  under 
Research  Work  Unit  MJ00013.  The  views  presented 
in  this  paper  are  those  of  the  authors;  no  endorse¬ 
ment  by  the  Defense  Nuclear  Agency  has  been  given 
or  should  be  inferred. 
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GUNTER-SMITH,  Pamela  J.  Gamma  radiation  affects  active 
electrolyte  transport  by  rabbit  ileum:  basal  Na  and  Cl  transport. 
Am.  J.  Physiol.  250  (Gastrointest.  Liver  Physiol.  13):  G540- 
G545,  1986. — The  effect  of  whole-body  gamma  radiation  (5-12 
Gy)  on  electrolyte  transport  by  rabbit  ileum  in  vitro  was  as¬ 
sessed  for  1-96  h  postirradiation  using  the  short-circuit  tech¬ 
nique  and  radioisotopic  fluxes.  Although  there  was  no  effect  of 
radiation  on  short-circuit  current  (/«),  transepithelial  potential, 
or  resistance  1  h  after  exposure,  by  24  h  the  basal  parameters 
of  ileal  segments  isolated  from  irradiated  animals  were  signifi¬ 
cantly  greater  than  those  of  sham-irradiated  controls.  The  /„ 
increased  in  a  dose-dependent  fashion  and  was  greatest  24  h 
postexposure.  Isotope  flux  experiments  revealed  that  the  in¬ 
creased  1K  following  irradiation  resulted  in  part  from  a  stimu¬ 
lation  of  active  serosal-to-mucosal  net  Cl  flux.  There  was  no 
observable  change  in  net  Na  transport.  The  results  demonstrate 
that  radiation  exposure  alters  cellular  transport  processes, 
which  may  contribute  to  the  fluid  and  electrolyte  imbalance 
observed  following  radiation  exposure. 

electrolyte  transport;  radiation;  chloride  secretion 


IONIZING  RADIATION  has  pronounced  effects  on  both  the 
morphology  and  the  physiology  of  the  gastrointestinal 
tract.  Collectively,  these  effects  are  termed  the  gastroin¬ 
testinal  syndrome  (20),  which  is  characterized  by  pro¬ 
gressive  fluid  and  electrolyte  imbalance  and  bacteremia. 
This  syndrome  is  a  major  determinant  of  lethality  at 
doses  of  X-  and  gamma  radiation  of  10-100  Gy.  The  time 
course  of  the  development  of  the  pathophysiology  is 
predictable,  with  death  of  the  animal  generally  corre¬ 
sponding  to  the  time  for  denudation  of  the  intestinal 
mucosa.  In  spite  of  the  well-documented  effects  of  radia¬ 
tion  on  gastrointestinal  physiology,  very  little  is  known 
concerning  the  mechanism  by  which  radiation  produces 
these  effects.  In  particular,  it  has  vet  to  be  determined 
whether  the  fluid  and  electrolyte  loss  associated  with  the 
gastrointestinal  syndrome  results  from  alterations  in 
transepithelial  transport  processes  or  is  a  consequence 
of  other  factors,  such  as  the  loss  of  functional  cells  due 
to  denudation.  Indeed,  few  studies  exist  concerning  the 
effect  of  radiation  on  electrolyte  transport  processes  of 
epithelial  cells. 

In  the  present  study,  I  report  on  the  effect  of  “Co 
radiation  on  intestinal  ion  transport  hv  rabbit  ileal  mu¬ 
cosa.  The  results  demonstrate  a  radiation-related  change 
in  transepithelial  ion  transport,  as  indicated  by  changes 
in  short-circuit  current  and  ion  fluxes  at  times  >24  h 


postirradiation.  In  particular,  the  basal  short-circuit  cur¬ 
rent  is  significantly  higher  in  irradiated  animals,  due  in 
part  to  a  stimulation  of  net  Cl  secretion  across  the  ileal 
mucosa. 

METHODS 

Animals  and  solutions.  New  Zealand  White  male  rab¬ 
bits  (Hazelton  Dutchland,  Denver,  PA,  and  Hilltop  Lab 
Animals,  Scottdale,  PA)  weighing  2-3  kg  were  used  in 
these  experiments.  The  animals  were  fed  standard  rabbit 
chow  ad  libitum,  except  for  “fasted”  rabbits,  from  which 
food  was  removed.  Rabbits  were  irradiated  in  the  Armed 
Forces  Radiobiology  Research  Institute’s  “Co  facility  in 
Plexiglas  restraining  cages.  Whole-body  doses  of  5,  7.5, 
10,  and  12  Gy  were  administered.  These  doses  were 
selected  to  bracket  the  range  of  doses  associated  with  the 
gastrointestinal  syndrome.  The  dose  rate  was  a  constant 
fraction  (1/10)  of  the  total  dose,  maintaining  the  expo¬ 
sure  time  at  10  min.  Sham-irradiated  animals  served  as 
controls. 

At  the  appropriate  time  (1,  24,  48,  72,  or  96  h  postir¬ 
radiation),  control  and  irradiated  or  fasted  animals  were 
killed  by  pentobarbital  sodium  (Nembutal)  injection  and 
the  terminal  ileum  of  each  was  removed.  The  tissue  was 
opened  lengthwise  along  its  mesenteric  border  and 
stripped  of  its  underlying  musculature  using  blunt  dis¬ 
section.  Tissue  isolated  from  sham-irradiated,  irradiated, 
and  fasted  animals  are  termed  control,  irradiated,  and 
fasted  tissues,  respectively. 

The  intestinal  segments  were  mounted  in  Plexiglas 
Ussing  chambers  (E.  W.  Wright,  Guilford,  CT),  exposing 
1.12  cm2  of  tissue,  and  bathed  with  a  Ringer  solution 
containing  (in  mM):  140  Na.  119  Cl,  21  HCO),  1.2  Ca. 
1.2  Mg,  0.5  P04,  and  5.4  K;  pH  7.4.  The  solutions  were 
circulated  and  oxygenated  by  a  gas-lift  system  in  reser¬ 
voirs  using  95pr  02-5cc  CCL.  All  experiments  were  per¬ 
formed  at  37°C. 

Electrical  measurements.  The  transepithelial  potenti... 
difference  (PD,  mV)  with  respect  to  the  mucosal  bathing 
solution  was  measured  with  a  digital  voltmeter  in  contact 
with  both  bathing  solutions  via  3  M  KCl-agar  bridges 
and  calomel  half  cells.  Current  was  passed  by  means  of 
a  battery  in  series  with  resistors  and  in  contact  with  both 
bathing  solutions  by  means  of  Ringer-agar  bridges  and 
Ag-AgCl  electrodes.  Current  was  passed  periodically  to 
drive  the  transepithelial  PI)  to  zero.  This  current,  the 
short-circuit  current  (/,,.  aAcm  ),  represents  the  sum 
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of  all  “active”  ion  movements  across  the  tissue  (23).  The 
/,*.  was  corrected  for  the  potential  drop  across  the  fluid 
resistance.  In  some  experiments  an  automatic  voltage 
clamp  device  (Physiologic  Instruments,  Houston,  TX) 
was  used  to  measure  PD  and  /„.,  eliminating  the  leed  for 
this  correction.  The  transepithelial  resistance  (/?,,  12- 
cm  ')  was  calculated  from  the  deflection  in  PD  produced 
by  20-mA  bipolar  current  pulses. 

In  preliminary  experiments,  considerable  animal-'o- 
animal  variation  in  the  absolute  magnitude  of  the  trans¬ 
epithelial  electrical  parameters  was  observed.  To  mini¬ 
mize  the  possible  influence  of  different  “batches”  of 
animals,  the  electrical  parameters  of  tissue  isolated  from 
irradiated  or  fasted  animals  were  compared  with  that  of 
a  control  animal  from  the  same  shipment.  Four  segments 
of  tissue  were  isolated  from  each  animal,  with  the  mean 
tissue  value  determined  from  those  segments  having  a 
resistance  within  25%  of  the  mean  value.  In  some  cases, 
the  results  are  expressed  as  the  difference  between  values 
obtained  from  irradiated  or  fasted  and  control  animals 
within  an  experiment. 

Na  and  Cl  fluxes.  The  radioisotopic  fluxes  of  Na  and 
Cl  were  determined  simultaneously  in  tissues  isolated 
from  irradiated  animals  and  their  sham  irradiated  con¬ 
trols.  The  ileal  segments  were  incubated  in  normal 
Ringer  solution  for  80  min  to  allow  for  the  establishment 
of  a  stable  base  line,  irradiated  or  control  segments  were 
then  paired  according  to  resistance  (within  2. Vi ),  and 
short-circuited  and  tracer  amounts  of  "Na  and  “Cl  were 
added  to  either  mucosal  or  serosal  solutions.  After  a  40 
min  equilibration  period,  the  unidirectional  (luxes  of  Na 
and  Cl  from  mucosal-to-serosal  (./„,  „)  and  serosal-to- 
mucosal  ( J,  were  determined  from  live  samples  taken 
at  15-min  intervals.  The  difference  in  unidirectional 
(luxes  of  an  ion  is  the  net  (lux  The  residual  ion 

(lux  (e/K)  represents  the  inequality  of  a)  the  sum  of  net 
Na  flux  iJ and  net  Cl  (lux  («/*„*)  and  b )  the  /„.  All 
(luxes  are  expressed  in  neq-h  'em  -  and  are  compared 
with  expressed  in  similar  units. 

Statistics.  The  significance  of  differences  was  t.  r- 
mined  by  either  a  Student's  t  test  or  an  analysis  of 
variance  and  the  Newman-Keuls  test  for  multiple  com¬ 
parisons.  A  value  of  P  <  0.05  was  taken  as  statistically 
significant. 


The  basal  /.,  of  ileal  segments  isolated  from  four 
irradiated  animals  (10  Gy)  1  and  24  h  postexposure  is 
compared  with  that  of  four  sham-irradiated  controls  in 
Fig.  1.  Values  of  /_,  of  control  tissues  were  similar  to 
those  reported  previously  (9).  At  1  h,  there  was  no 
apparent  effect  of  radiation  exposure  on  /.,  by  this  or 
any  of  the  doses  studied.  Likewise,  no  difference  in  either 
PD  or  H,  was  observed. 

In  contrast,  by  24  h  ( Fig.  1 ).  prior  exposure  to  radiation 
elicited  dramatic  changes  in  ileal  electrolyte  transport. 
Figure  2  shows  the  difference  in  steady-state  basal  L  of 
ileal  segments  isolated  from  irradiated  rabbits  compared 
with  that  of  their  matched  controls  for  5,  7.5,  10.  and  12 
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Flo.  1.  Shnrt  circuit  current  of  control  \  fitted  <  i rWc.o  and  irradiated 
segments  I  111  (iyl  1  h  [fitted  v/our.  , )  and  21  h  I filled  trian/th'sl  postex¬ 
posure.  n  =  4. 
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Flo.  '2  Difference  in  liasal  steady  state  short  circuit  current  1  /„  )  of 
tissues  isolated  Irorn  irradiated  animals  compared  with  their  matched 
controls.  Each  bar  is  mean  difference  ot  4  irradiated  animals  from  their 
“matched"  controls.  *  Significant  ditterence  trom  zero:  +  significant 
difference  lietween  groups. 

Gv  with  respect  to  time  postexposure.1  The  basal  /„,  of 
irradiated  tissues  exceeded  that  of  controls  for  doses 
greater  than  5  Gv.  Although  the  magnitude  of  this  in¬ 
crease  clearly  declined  with  respect  to  time  postexposure, 
the  /„,  remained  elevated  for  up  to  72  h  for  7.5  Gy  and 
96  h  for  10  Gy.  The  magnitude  of  the  increase  in  /„  was 
also  dose  dependent.  For  example,  the  increase  24  h 
following  12  Gv  (A/,,  =  93.2  ±  12.3  gA-cm  i  is  signifi¬ 
cantly  greater  than  that  observed  following  7.5  Gy  (A/„ 
-  43.7  ±  7.7  gA  cm  )  for  the  same  time  point. 

'  In  many  hut  not  all  rases,  the  * >1  irradiated  segments  gradually 
increases  ith  time  to  a  stable  value  Meehamsms  underiving  this  slew 
equilibration  period  are  present lv  not  known  It  most  likely  reflects 
reestablishment  of  ion  gradients,  etc  .  in  the  tissue  Values  ot  /„  were 
stable  generally  within  bo  nun  after  mounting  The  steadv  state  /„  was 
taken  as  the  value  ot  /„  )  JO  min  after  mounting 
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TABLE  1.  Effect  of  radiation  on  basal  PD  and  Rt 


24  h 

48  h 

72  h 

96  h 

5  Gv 

I’D 

0.7±0.5 

— 2.0±0.6 

0.1 +0.2 

().3±0.2 

R, 

-o.3±5.3 

1  6±2.3 

—8.2+3. 2 

1.0±2.3 

PD 

2.0±0.4* 

1.7±0.8* 

0.4+0. 2 

0.5±0.4 

R, 

6.4±1.8* 

n.0±4.3 

3.4±5.7 

1.3±2. 1 

10  Civ 

PD 

2. 7+0.8* 

1.9±0.6* 

0.8±0.8 

2.8±0.->* 

R, 

10. 1  ±6.0 

6.5±2.9 

-3.2±2.9 

22.1  ±10.3 

PD 

4. 0+0. 4* 

1.4±0.5* 

2.0+ 1.2* 

0.8+0.5 

R, 

5.8±3. 1 

4.7±4.7 

—0. 8+4.0 

— 0.3±2.4 

Values  are  means  ±  SE. 

PI),  potential  difference;  Ry, 

transepithelial 

resistance.  Difference  in  1*0  (mV)  and  Rt  (SI  cm2)  of  irradiated  tissues 

compared  wi 

th  controls. 

*  Significantly  different  from 

zero;  n  =  4. 

TABLE  2. 

Comparison  of  fast  ing  and 

radiation  effects  on  basal  Isc 

24  h 

48  ii 

72  h 

96  h 

Fasting 

90.6±7.3* 

9.  l±17..r> 

26.6±6.8* 

T.o  Gy 

43.7±7.7* 

32.8±9. 1  * 

23.4+6.3* 

NS 

10  Cv 

'>8.0+10,4*+ 

44.0±9.7* 

NS 

38.0+12.6* 

12  <;> 

93. 2±  12.3*+ 

23.9+9.0* 

43.3±6.3* 

NS 

Values  means  ±  SE  expressed  as  difference  between  fasting  or 
irradiated  and  control  *  Significantly  different  from  zero:  +  sig¬ 
nificantly  different  from  fasting;  n  —  4. 


In  addition  to  changes  in  radiation  also  altered  the 
I’D  and  Rt  (Table  1).  The  PD  of  segments  isolated  from 
animals  irradiated  with  greater  than  5  Gy  exceeded  the 
control  value  of  1.3  ±  0.6  mV.  The  transepithelial  resist¬ 
ance  lR{ )  of  irradiated  tissues  isolated  24  h  after  7.5  Gv 
was  also  greater,  exceeding  the  control  value  of  24.5  ± 
0.32  by  6.4  ±  1.8  52  cm'.  While  there  appears  to  be  no 
significant  difference  in  mean  R,  for  other  doses  and 
times  postexposure,  of  those  irradiated  tissues  whose 
basal  /„,  exceeded  controls,  R ,  of  80%  of  them  exceeded 
that  of  matched  controls. 

Effect  of  fasting  of  basal  /»,  .  Food  intake  of  irradiated 
animals  was  found  to  be  depressed  immediately  following 
exposure.  Thus  it  was  important  to  evaluate  the  potent  ial 
contribution  of  reduced  food  intake  on  the  changes  ob¬ 
served  above.  The  response  of  ileal  segments  isolated 
from  rabbits  from  which  food  was  withdrawn  (“fasted" 
animals^)  was  compared  with  that  of  nonirradiated  con¬ 
trol  animals  for  periods  of  time  corresponding  to  those 
used  in  the  radiation  experiments  above.  As  shown  in 
Table  2,  in  some  cases  fasting  produced  changes  in 
electrolyte  transport  similar  to  those  observed  in  irradi¬ 
ated  animals.  There  was  a  small  increase  in  the  base-line 
/„,  24  h  following  fasting,  which  remained  elevated  during 
the  time  periods  studied. 

However,  a  comparison  of  radiation-related  changes 
with  fasting  related  changes  in  Table  2  reveals  a  signif¬ 
icant  effect  of  radiation  beyond  that  which  could  be 

2  Sinc  e  rabbits  are  coprophagous.  animals  from  whic  h  food  has  been 
removed  cannot  be  conside.ed  totally  lasted  Irradiated  animals  are 
also  not  completely  fasted  They  continue  to  feed,  although  at  a  reduced 
rate  that  increases  toward  norma!  with  time  post  irradiation.  Thus  the 
effect  of  food  withdrawal  on  /«.  most  likely  overestimates  the  influence 
of  fasting  on  the  radiation  results. 


FIG.  3.  Unidirectional  fluxes  and  and  net 

fluxes  Jnh)  of  Na  and  Cl,  short-circuit  current  (/«)  and  residual 
flux  (JR)  of  control  ( hatched  bars)  and  irradiated  tissues  ( filled  bars) 
determined  24  h  following  10  Gy.  Each  bar  is  mean  of  5  ani¬ 
mals.  *  Significant  difference  between  irradiated  and  control  values. 

attributed  to  fasting.  The  increase  in  base-line  /„  noted 
at  24  h  postirradiation  with  10  and  12  Gy  is  significantly 
greater  ( P  <  0.05)  than  that  observed  for  the  same  time 
point  with  fasting.  A  distinction  between  radiation  and 
fasting  effects  on  basal  /sr  at  later  time  points  is  not  as 
evident,  but  as  will  be  discussed  below,  it  is  less  likely 
that  fasting  contributes  to  these  later  changes. 

Flux  measurements.  To  determine  the  ionic  basis  of 
the  increase  in  /«  observed  following  radiation  exposure, 
the  radioisotopic  fluxes  of  Na  and  Cl  were  determined  in 
ileal  segments  from  animals  irradiated  with  10  Gy  and 
compared  with  that  of  their  sham-irradiated  controls.' 
As  shown  in  Fig.  3,  radiation  exposure  resulted  in  signif¬ 
icant  changes  in  both  unidirectional  and  net  fluxes.  Both 
Jn^and  of  Na  (13.9  ±  1.4  and  11.5  ±  1.3  /ueq-h ■ 
cm'',  respectively)  of  irradiated  tissues  were  significantly 
reduced  compared  with  controls  (17.7  ±  1.1  and  14.5  ± 
0.8  ^eq  h  '  cm"-).  A  difference  in  however,  was  not 
apparent.  The  of  Cl  of  the  irradiated  animal  was 
also  decreased  (7.8  ±  0.8  vs.  9.5  ±  0.6  ^eq-h  '-cm  -). 
However,  the  was  increased  (8.5  ±  0.6  vs.  6.8  ±  0.5 
^eq  h“'-cm"J),  resulting  in  change  of  net  Cl  transport 
from  absorption  (2.7  ±  0.4  of  controls)  to  secretion  (—0.7 
±  0.4  ^eq-h"1  cm'-).  This  difference  in  exceeded  the 
difference  in  /„,  observed  for  irradiated  and  control  tis¬ 
sues,  suggesting  that  some  other  ion  may  be  involved  in 
the  response.  Related  to  this.  JH  of  irradiated  segments 
appeared  smaller  but  was  not  significantly  different  from 
that  of  controls. 

DISCUSSION 

Effect  of  radiation  exposure  on  electrolyte  transport. 
The  present  study  was  undertaken  to  determine  whether 

‘This  dose  and  time  point  were  selected  to  maximize  the  difference 
in  ion  transport  observed  post  irradiation  Twenty- four  hours  is  the 
time  point  at  which  the  peak  difference  in  /*  is  observed.  Although  the 
increase  in  /*.  at  12  Gy  exceeds  that  observed  for  10  Gy,  survival  of  the 
animals  was  more  consistent  at  the  lower  dose. 


RADIATION  INDITED  IDEAL  Ci.  SECRETION 


G543 


radiation-related  fluid  and  electrolyte  loss  results  from 
changes  in  active  cellular  transport  mechanisms,  as  has 
been  described  for  other  diarrheal  states,  or  rather  simply 
from  leakage  of  these  substances  across  a  “leaky”  intes¬ 
tinal  mucosa.  The  results  clearly  demonstrate,  for  the 
first  time,  that  whole-body  gamma  exposure  elicits 
changes  in  active  basal  electrolyte  transport.  This  was 
evidenced  by  the  dose-  and  time-dependent  increase  in 
/„,  and  changes  in  Na  and  Cl  fluxes  observed  in  irradiated 
animals.  There  was  no  apparent  change  in  net  Na  ab¬ 
sorption.  although  both  unidirectional  fluxes  of  this  ion 
were  reduced.  Since  R,  of  irradiated  tissues  often  exceeds 
that  of  controls,  the  decrease  in  net  mucosal-to-serosal 
and  serosal-to-mucosal  flux  of  Na  may 

reflect  decreased  Na  movement  through  a  paracellular 
pathway.  By  contrast,  net  Cl  transport  following  irradia¬ 
tion  was  secretory  rather  than  absorptive  as  in  control 
animals.  The  change  in  Cl  transport  resulted  from  a 
decrease  in  -Jm  ,„and  an  increase  in  of  this  ion.  It  is 
presently  unclear  whether  changes  in  Cl  transport  en¬ 
tirely  account  for  the  difference  in  / ^  observed  between 
irradiated  and  control  animals.  A  small  but  insignificant 
decrease  in  residual  ion  flux  was  noted  that  may  impli¬ 
cate  a  role  for  some  other  ion  in  this  response. 

In  many  respects  the  changes  in  ion  transport  observed 
following  irradiation  are  similar  to  those  observed  pre¬ 
viously  for  various  secretagogues  that  elevate  intracel¬ 
lular  cAMP  and  Ca.  These  agents  increase  /,,  by  a 
stimulation  of  active  blood  to  lumen  Cl  and  (in  some 
cases)  Na  secretion  (8.  17).  In  addition,  these  agents  also 
increase  transepithelia!  PI)  and  R,.  The  increases  in  /_, , 
R,.  and  PI)  observed  following  irradiation  are  strikingly 
similar  to  those  changes  mentioned  above  for  secreta¬ 
gogues.  Thus  changes  in  cell  transport  processes  previ¬ 
ously  proposed  to  underlying  the  response  of  rabbit  ileum 
to  secretagogues  may  be  elicited  by  radiation  exposure. 
The  magnitude  of  the  response  to  irradiation  declined 
with  time  postexposure.  The  reasons  for  this  decline  are 
presently  unknown.  However,  interestingly,  a  similar 
decline  in  the  response  of  irradiated  segments  to  the 
seeretagogue  theophylline  has  also  been  observed  (un¬ 
published  observat  ions ) 

Rotation  t n  radiation  pathophysiology.  The  results  of 
this  study  clearly  mduate  that  radiation  exposure  elicits 
changes  in  elect  rolvte  transport.  As  such,  they  dispute 
so  me  o)  the  previously  conceived  notions  concerning  the 
mechanisms  underlying  radiation-induced  fluid  and  elec¬ 
trolyte  loss  Morphological  studies  of  in'-'stinal  mucosa 
isolated  from  irradiated  mice  by  Porvazn  19)  revealed 
a  decrease  in  the  integrity  ot  the  tight  ji.  lional  com¬ 
plexes  between  idiacent  absorptive  and  goblet  cells.  It 
was  suggested  that  the  compromised  tight  junction  may 
serve  as  a  low  resistance  pathway  for  the  entry  of  bac¬ 
terial  toxins  leading  to  bacteremia.  Such  breaks  in  the 
strands  ot  the  tight  junctional  complex  could  also  serve 
as  a  route  for  fluid  and  electrolyte  loss.  Comparable 
morphological  studies  are  not  available  for  rabbit  ileum 
However,  the  increase  in  decrease  in  unidirectional 
Na  fluxes,  and  lack  of  a  decrease  in  R,  observed  in  this 
study  suggest  that  possible  damage  to  tight  junctions  by 
radiation  exposure  is  at  least  initially  of  little  conse 


quence  to  postirradiation  electrolyte  transport.  More 
importantly,  the  results  dispel  the  notion  that  radiation- 
induced  fluid  and  electrolyte  loss  result  only  from  simple 
denudation  of  the  intestinal  mucosa. 

Previous  in  vivo  studies  have  been  consistent  with 
changes  in  transcellular  transport  following  irradiation. 
These  earlier  studies  concentrated  primarily  on  radia¬ 
tion-related  changes  in  Na  absorption.  Forkey  et  al.  (10) 
suggested  that  decreased  ileal  Na  absorption  resulted  in 
Na  loss  via  the  bile  in  irradiated  rats.  They  and  others 
(13,  14,  23,  26)  further  suggested  that  the  resulting  elec¬ 
trolyte  imbalance  contributed  significantly  to  lethality 
of  the  gastrointestinal  syndrome.  Indeed,  Curran  et  al. 
(5)  observed  decreased  ileal  Na  absorption  in  vivo  by  rats 
as  early  as  13  h  following  25-30  Gy  abdominal  X-irradia- 
tion  and  net  Na  secretion  67  h  after  exposure.  Although 
they  are  suggestive  of  changes  in  cellular  transport  proc¬ 
esses,  these  observations  were  far  from  conclusive. 

A  stimulation  of  active  Na  secretion  was  not  observed 
in  the  present  study.  It  is  not  yet  clear  whether  a  change 
in  net  Na  transport  following  irradiation  is  a  species- 
dependent  phenomena  or  is  evident  only  at  times  greater 
than  24  h.  A  major  finding  of  this  study  is  a  stimulation 
of  active  Cl  secretion.  To  my  knowledge,  previous  studies 
have  not  investigated  changes  in  the  transport  of  this 
ion  following  irradiation. 

The  results  of  this  study  raise  two  pertinent  questions. 
First,  can  the  changes  in  net  Cl  secretion  observed  in 
this  study  account  for  fluid  and  electrolyte  loss  observed 
in  vivo  postirradiation0  Stimulation  of  Cl  secretion  may 
he  responsible  for  both.  Stimulation  of  anion  secretion 
would  promote  a  passive  osmotic  water  flux  as  observed 
for  other  secretagogues  such  as  cholera  toxin.  Thus  Cl 
secretion  would  promote  the  fluid  loss  and  diarrhea 
associated  with  the  gastrointestinal  syndrome.  In  sup¬ 
port  of  this,  diarrhea,  while  not  a  consistent  finding 
perhaps  due  to  colonic  reabsorption,  was  observed  in 
-HOC  of  the  irradiated  animals  in  this  study  (unpub¬ 
lished  observations). 

The  stimulation  of  Cl  secretion  may  also  be  responsible 
for  Na  loss  observed  previously.  In  vivo,  the  ileum  is 
essentially  in  the  open -circuit  state.  Thus  anion  secretion 
would  create  an  electrical  driving  force  (lumen-negative 
I’D)  for  the  secretion  of  a  cation  such  as  Na.  Na  secretion 
would  not  be  apparent  in  this  study,  since  fluxes  were 
measured  under  short-circuit  conditions  in  which  this 
electrical  driving  force  is  dissipated.  Thus  the  results 
point  to  the  stimulation  of  Cl  secretion  as  the  primary- 
event  responsible  in  radiation  induced  fluid  and  electro¬ 
lyte  Jons. 

Second,  is  the  stimulation  of  Cl  secretion  a  direct  effect 
of  radiation  on  cell  membrane  transport  or  a  consequence 
of  other  factors'’  Although  this  question  cannot  be  an¬ 
swered  definitively  by  this  study,  the  time  course  of  thp 
changes  suggests  that  secondary  effects  of  irradiation 
stimulate  Cl  secretion.  Alterations  in  basal  electrolyte 
transport  were  not  apparent  until  24  h  post  irradiation. 
Similar  delays  were  observed  by  Curran  et  al.  (5)  for  the 
onset  ot  Na  transport  changes  in  X  irradiated  rats.  Thus 
it  is  likelv  that  events  occurring  subsequent  to  irradia¬ 
tion.  such  as  decreased  food  intake,  intestinal  vascular 
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changes,  or  radiation -released  agents  initiated  the 
changes  in  electrolyte  transport  observed  The  possible 
role  it  one  o!  these,  decreased  food  intake,  was  investi¬ 
gated  in  this  study.  Although  the  /_,  of  tasted  animals 
was  greater  than  controls,  the  increase  in  /„,  following 
irradiation  exceeded  that  observed  in  fasted  animals.  Ion 
(luxes  were  not  measured  in  tasted  animals;  thus  a  con¬ 
tribution  of  fasting  to  the  changes  observed  postirradia 
tiun  cannot  totally  be  excluded.  However,  since  fasting 
overestimates  the  decreased  food  intake  of  irradiated 
animals  and  the  response  to  irradiation  is  dose  and  time 
dependent,  it  is  unlikely  that  ('I  secretion  post  irradiation 
is  linked  to  decreased  food  intake.  Furthermore,  (’1  ab¬ 
sorption  rat  her  than  secretion  has  been  reported  in  rabbit 
ileum  following  an  overnight  fast  (111.1 

Although  not  directly  tested,  other  possible  factors 
that  may  influence  electrolyte  transport  post  irradiation 
deserve  comment.  Both  increases  (31  and  decreases  in 
intestinal  blood  flow  (lot  have  been  reported  in  irradi¬ 
ated  animals,  leading  to  the  proposal  that  radiation- 
induced  fluid  and  electrolyte  loss  result  from  intestinal 
vascular  changes.  Evidence  to  date  make  it  unlikely  that 
such  changes  can  directly  account  for  the  stimulation  of 
I ,  observed  in  the  present  study.  Studies  in  which  ileal 
interstitial  pressure  is  increased  reveal  that  the  resulting 
stimulation  of  fluid  secretion  arises  from  passive  filtra¬ 
tion-secretion  phenomena  rather  than  changes  in  active 
transport  processes  (221.  Such  increases  would  be  pre¬ 
dicted  it.  a>  suggested  by  Cockerham  et  al.  (31,  increased 
intestinal  blood  flow  resulted  in  intestinal  edema.  While 
direct  etiects  ot  changes  in  intestinal  blood  flow  probably 
pins  little  or  no  role  in  the  stimulation  of  ('I  secretion 
following  irradiation,  the  subsequent  release  of  agents 
|o,  alK  mat  be  important  in  the  response.  For  example, 
fluid  and  electrolyte  secretion  following  intestinal  is- 
i  hernia  has  been  suggested  to  result  from  agents  released 
due  to  necrosis  t  1  >. 

A  variety  ot  agents  may  be  released  following  radiation 
exposure  that  can  ultimately  be  responsible  for  the 
changes  m  electrolyte  transport  observed  in  this  study. 
These  include  the  intestinal  secret agogues.  serotonin  (ti. 
Do.  which  may  be  released  subsequent  to  radiation's 
mast  cell  degranulation  (11.  prostaglandins,  which  have 
been  observed  to  increase  in  rat  small  intestine  post  ir¬ 
radiation  (2.  7 1.  and  neurotransmitters  released  from 
enteric  neurons  111.  12).  The  action  of  these  agents 
present  the  most  attractive  explanation  for  the  stimula¬ 
tion  ot  (  I  secretion  postirradiation.  Furthermore,  the 
observation  that  irradiation  of  the  exteriorized  small 
intestine  alone  can  elicit  changes  associated  with  the 
gastrointestinal  syndrome  ( IS.  21)  suggests  that  th<*  ef¬ 
fective  agent  tnav  be  released  locally  as  suggested  above 
tor  the  stimulation  ot  secretion  following  ischemia.  Dis¬ 
tinguishing  direct  etiects  of  radiation  on  cellular  trans¬ 
port  processes  front  possible  secondary  effects  will  re¬ 
quire  turt  her  studv . 

In  summary,  exposure  to  ionizing  radiation  alters  ac¬ 
tive  ileal  electrolyte  transport  primarily  by  stimulating 
Ci  secretion.  In  this  and  other  respects,  changes  in  ion 
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transport  following  irradiation  are  similar  to  those  elic¬ 
ited  by  secretagogues  that  increase  intracellular  cAMP 
and  Ca.  Furthermore,  the  stimulation  of  ('1  secretion 
may  represent  the  primary  event  responsible  for  fluid 
and  electrolyte  loss  observed  postirradiation. 
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Histamine  H2  Receptors  Mediate  Morphine-Induced 
Locomotor  Hyperactivity  of  the  C57BL/6J  Mouse 

G.  Andrew  Mickley 

Behavioral  Sciences  Department 

Armed  Forces  Radiobiology  Research  Institute.  Bethesda,  Maryland 

Morphine-induced  locomotor  hyperactivity  of  the  C57BL/6J  mouse  was  challenged  with  intra¬ 
cranial  injections  of  antihistamines  or  the  opiate  antagonist  naloxone.  When  cimetidine  (H; 
receptor  blocker)  was  injected  into  the  nucleus  accumbens/stria  terminalis,  it  significantly  reduced 
opiate-stimulated  locomotion.  However,  ventricular  injections  of  cimetidine  did  not  significantly 
alter  cither  morphine  or  amphetamine  hyperactivity,  nor  did  cimetidine  depress  spontaneous 
locomotion.  Although  naloxone  eliminated  morphine-induced  locomotion  when  injected  into 
either  the  nucleus  accumbens  or  the  ventricles,  chlorpheniramine  (H,  receptor  blocker)  failed  to 
reduce  this  behavior.  These  data  suggest  that  opiate-stimulated  locomotion  of  the  C57BL/6J 
mouse  may  be  partially  mediated  by  histamine  H;  receptors  of  the  nucleus  accumbens  or  closely 
adjacent  structures. 
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In  most  species  a  large  dose  of  morphine  produces  catatonia 
and  akinesia  (Brown,  Derrington,  &  Segal,  1979).  However, 
morphine  causes  a  dose-dependent  stereotypic  locomotor 
hyperactivity  in  the  C57BL/6J  mouse  (Oliverio  &  Castellano, 
1974;  Teitelbaum.  Giammatteo,  &  Mickley  1979).  A  similar 
behavior  is  observed  after  an  intracranial  injection  of  enkeph¬ 
alin  (Puglisi-Allegra,  Castellano,  Filibeck,  Oliverio,  &  Mel- 
chiorri,  1982).  This  behavioral  response  is  mediated,  at  least 
in  part,  by  neurons  of  the  nucleus  accumbens,  bed  nucleus  of 
the  stria  terminalis,  and  portions  of  the  striatum.  Lesions  of 
these  brain  areas  significantly  reduce,  but  do  not  abolish, 
morphine-stimulated  locomotion  (Siegfried,  Filibeck,  Gozzo, 
&  Castellano.  1982;  Teitelbaum  et  al.,  1979). 

Although  the  opioid-induced  locomotor  hyperactivity  of 
the  mouse  has  been  well  described  and  some  of  the  neuronal 
systems  subserving  this  response  have  been  identified,  the 
neurochemical  mediators  that  produce  the  behavior  have  yet 
to  be  fully  elucidated.  The  present  experiments  addressed  the 
possibility  that  histamine  receptors  play  a  role  in  morphine- 
stimulated  locomotion.  Endorphins,  enkephalins,  their  recep¬ 
tors.  histaminergic  neurons,  and  histamine  receptors  are  all 
prominent  in  the  brain  areas  responsible  for  morphine-in- 

This  work  was  supported  by  the  Armed  Forces  Radiobiology 
Research  Institute.  Defense  Nuclear  Agency  (DNA)  under  Research 
Work  Unit  4T 32-00 1 25.  Views  presented  in  this  article  are  those  of 
the  author.  No  endorsement  by  DNA  has  been  given  or  should  be 
inferred.  Portions  of  these  data  were  presented  at  the  meeting  of  the 
Society  for  Neuroscience,  October  1984.  Animals  were  cared  for 
according  to  the  principles  enumerated  in  the  "Guide  for  Care  and 
Use  of  Laboratory  Animals"  prepared  by  the  Institute  of  Laboratory 
Animal  Resources.  National  Research  Council. 

The  author  acknowledges  the  excellent  technical  assistance  of  Paul 
Brenner.  Diane  Pickle,  Bernard  Dennison.  Gerald  Kessel,  Marta 
Hean.  Karen  Stevens,  and  Kathryn  Chantry.  I  thank  Endo  Labora¬ 
tories  for  its  kind  gift  of  naloxone.  W.  E.  Jackson  offered  superior 
statistical  advice  Marion  Golightly  typed  this  manuscript 

Correspondence  concerning  this  article  should  be  addressed  to  G. 
Andrew  Mickley,  Behavioral  Sciences  Department,  Armed  Forces 
Radiobiology  Research  Institute.  Bethesda.  Maryland  20814-5145. 


duced  hyperactivity  (Akiletal.,  1984;  Burkard,  1978;Garbarg 
et  al.,  1980;  Palacios,  Wamsley,  &  Kuhar,  1981;  Sazara,  1982; 
Snyder  &  Childers,  1979;  Watanabe  et  al.,  1984).  In  mice,  the 
blockade  of  H:  receptors  inhibits  the  development  of  mor¬ 
phine  tolerance  (Wong  &  Roberts.  1975).  Others  have  re¬ 
ported  that  brain  histamine  levels  are  inversely  proportional 
to  morphine-induced  locomotion  of  the  mouse  (Lee  &  Fen- 
nessy,  1976);  High,  locomotion-producing  doses  of  morphine 
reduce  levels  of  brain  histamine  in  th<*  C57BI  /6J  mouse 
(McClain,  Catravas,  &  Teitelbaum,  1977).  However,  this  may 
not  be  true  for  all  strains  of  mice  (Hough  et  al.,  1984). 

The  present  study  was  conducted  to  further  clarify  the  role 
of  brain  histamine  in  the  production  of  morphine-induced 
locomotion.  This  was  accompanied  by  challenging  the  opiate- 
stimulated  locomotion  of  the  C57BL/6J  mouse  with  injec¬ 
tions  of  antihistamines  into  the  nucleus  accumbens/stria  ter¬ 
minalis  or  lateral  ventricles. 

Method 

Subjects 

Forty-three  male  C57BL/6J  mice  between  60  and  1 20  days  of  age 
were  used  in  this  study.  Throughout  the  experiment  the  mice  were 
fed  on  an  ad-lib  food  and  water  schedule  in  a  room  maintained  on  a 
12:12  hr  light/dark  cycle  (lights  on  at  0600).  They  were  housed  and 
tested  at  a  room  temperature  of  approximately  70  *F  (21.1  *C). 

Surgical  Procedure 

With  the  mice  under  sodium  pentobarbital  (75  mg/kg.  ip)  and 
supplemental  Melhoxy-fluranc  anesthesia,  they  were  implanted  with 
chronic  bilateral  22-ga.  cannulas  in  the  posterior  n.  accumbcns/stna 
terminalis  (acci'm+stria)  or  lateral  ventricles  (vi  nt)  Prior  to  anes¬ 
thetization.  a  dose  of  0.4  mg/kg  atropine  sulfate  was  administered  ip. 
The  stereotaxic  coordinates  used  for  the  placement  of  the  ai - 
<  tiM+STRiA  cannula  were  0.8  mm  anterior  to  bregma.  ±0.8  mm 
lateral  to  midlinc  zero,  and  4  0  mm  ventral  to  the  skull  surface  The 
coordinates  for  the  ventricle  implants  were  identical  except  that  the 


vertical  reading  was  set  at  .VO  mm  ventral  to  the  skull  surface.  The 
atlas  of  Slotnick  and  Leonard  (1975)  was  used  as  a  guide  for  the 
placement  of  the  cannulas.  Stainless  steel  stylets  were  used  to  keep 
the  cannulas  patent  Postoperative  behavioral  tests  were  initiated  no 
sooner  than  1  week  after  the  surgery. 

Procedure 

Locomotor  activity  was  measured  by  the  Automex  D  system 
(Columbus  Instruments).  The  mice  were  always  tested  between  0800 
and  1000  in  order  to  control  for  circadian  variations.  Testing  occurred 
in  the  subject's  plastic  home  cage  (30  x  19  x  12  cm).  In  order  to 
discourage  high  spontaneous  locomotor  activity  counts,  the  mice 
resided  in  their  home  cage  for  at  least  I  day  before  any  data  were 
collected. 

Mouse  locomotion,  observed  after  an  initial  ip  injection,  was 
challenged  by  a  subsequent  intracranial  (ic)  drug  injection.  At  the 
beginning  of  each  test  day.  an  ip  injection  of  4  mg/kg  (■/-amphetamine 
sulfate.  30  mg/kg  morphine  sulfate,  or  an  equal  volume  of  saline  was 
administered.  Amphetamine-stimulated  locomotion  (nonopiate  me¬ 
diated)  was  used  here  as  an  active  control  in  order  to  provide 
behavioral  comparisons  with  morphine-injected  mice.  After  a  5-min 
delay,  the  locomotor  response  to  each  drug  was  determined  in  a  10- 
min  baseline  test  period.  The  morphine-  and  amphetamine-injected 
animals  were  required  to  meet  a  minimum  criterion  level  of  loco¬ 
motor  activity  (80  counts/min)  before  proceeding  to  the  next  phase 
of  the  experiment.  If  they  failed  to  meet  criterion,  they  were  not  run 
that  day 

Subsequent  to  successfully  reaching  the  post-ip-injection  criterion, 
each  mouse  received  bilateral  l-jil  ic  injections  in  the  accim -i-stria 
or  vim  of  naloxone  hydrochloride  (2  jig),  cimelidinc  (H;  receptor 


blocker.  75  ag).  chlorpheniramine  ( H ,  receptor  blocker.  20  <rg).  or 
saline.  Previously  published  studies  (Bugajski  &  Zacny.  1981:  Cohn. 
Ball.  &  Hirsch.  1973;  Kalivas,  1982)  and  pilot  experiments  from  this 
laboratory  demonstrated  that  similar  ic  doses  of  chlorpheniramine 
and  cimetidine  have  antihistaminergic  effects  in  rodents.  The  ic 
injections  were  accomplished  through  the  use  of  a  30-ga.  injection 
cannula  which  was  inserted  into  the  brain  0.5  mm  beyond  the  guide 
cannula.  A  Harvard  infusion  pump  was  used  to  inject  the  >c  solutions 
into  the  brain  at  a  rate  of  0.03  >d/s  for  30  s.  With  the  injection 
cannula  in  place,  an  additional  30  s  were  allowed  for  full  delivery  of 
the  drug.  Each  mouse  was  then  returned  to  the  locomotor  activity 
monitors  for  a  30-mm  test  period.  The  order  of  presentation  of  the 
12  combined  ip  and  ic  drug  treatments  was  randomly  determined. 
Mice  were  tested  no  more  frequently  than  every  other  day. 

Histology 

After  completion  of  testing,  animals  were  perfused,  and  brain  tissue 
was  frozen  sectioned.  The  tissue  was  then  stained  with  thionine.  and 
cannula  placements  were  verified.  Only  animals  with  cannula  tracks 
just  above  or  in  the  acctm+stria  or  vim  were  retained  in  the 
experiment.  Thirty  minutes  before  the  perfusion  of  some  animals.  I 
jd  of  Evans  blue  dye  was  injected  into  each  cannula.  Then,  while  the 
tissue  was  being  sectioned,  drawings  were  made  of  the  spread  of  the 
dye  in  the  brain.  In  this  way  the  probable  brain  areas  that  came  into 
contact  with  the  injected  drug  were  imaged  (see  Figure  I). 

Because  some  of  the  subjects  died  without  completing  all  12 
conditions,  these  procedures  resulted  in  the  following  number  of  mice 
in  each  treatment  group:  acci  m+stria:  amphetamine/naloxone,  n 
=  11:  amphctamine/cimetidinc.  n  =  9;  amphetamine/chlorphenira¬ 
mine.  n  =  II:  amphetamine/salinc.  n  =  13:  morphine/naloxone,  n 


liKiiri •  I  Coronal  sections  ol  the  mouse  brain  showing  probable  intracranial  injection  sites  (A  = 
placement  in  posterior  nucleus  accumbcns  and  stria  terminalis.  B  -  placement  in  lateral  ventricles) 
( Refer  to  atlas  ol  Slotnick  and  I  eonard.  PC’S  I  hionine  stain  See  Plate  I  ) 
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=  18:  morphine/cimetidine.  n  =  II:  morphinc/chlorpheniramine.  n 
=  12:  morphine/saline,  n  =  13:  saline/naloxone,  n  =  13;  saline/ 
cimetidine.  n  =  15:  saline/chlorpheniramine,  n  =  15;  saline/saline,  n 
=  13:  vent:  amphetamine/naloxone,  n  -  17;  amphetamine/cimeti- 
dtne.  n  -  13:  amphetamine/chlorpheniramine.  n  =  15:  ampheta¬ 
mine/saline,  n  =  16:  morphine/naloxone,  n  =  16;  morphine/cimeti¬ 
dine.  n  =  16:  morphine/chlorpheniramine,  n  =  16;  morphine/saline. 
n  =  14:  saline/naloxone,  n  =  18;  saline/cimetidine.  n  =  17;  saline/ 
chlorpheniramine,  n  =  16;  saline/saline,  n  =  18. 

A  preliminary  analysis  of  the  data  suggested  nonhomogeneity  of 
variances  between  treatment  groups,  and  therefore  Kruskal-Wallis 
nonparametnc  one-way  analyses  of  variance  (anovas)  were  com¬ 
puted  (Siegel.  1956).  Initial  comparisons  were  made  between  baseline 
locomotor  responses  produced  by  ip  drug  injections.  In  a  further 
analysis,  I  compared  the  locomotion  of  subjects  (of  either  ac- 
<  cm+stria  or  vent  groups)  that  had  received  ip  morphine  and  then 
the  various  ic  injections.  Similar  comparisons  were  made  for  both 
amphetamine  and  saline  groups.  Four  time  periods  were  analyzed: 
pre-ic-drug  baseline  and  5-10  min.  1 5-20  min,  and  25-30  min  post- 
ic-drug  injections.  One  anova  was  computed  for  each  time  period. 
When  statistically  significant  differences  were  identified,  Dunn's  test 
(Hollander  &  Wolfe.  1973:  n  =  .05)  was  used  to  specify  individual 
treatment  groups  that  were  reliably  different  from  one  another. 

Results 

Reductions  in  morphine-induced  locomotion  were  ob¬ 
served  after  intra-accumbens/stna  terminalis  injections  of 
naloxone  or  cimetidine  but  not  chlorpheniramine.  Intraven¬ 


tricular  injections  of  naloxone  produced  a  similar  attenuation, 
but  ventricularly  placed  antihistamines  did  not  significantly 
alter  the  opiate-stimulated  behavior  of  these  mice.  Cimetidine, 
when  placed  in  the  accum+stria  (but  not  the  vent)  also 
produced  a  partial  attenuation  of  amphetamine  locomotion. 
Chlorpheniramine  and  naloxone  failed  to  reduce  the  amphet¬ 
amine-stimulated  locomotor  hyperactivity. 

In  an  initial  analysis  of  baseline  locomotion  (after  ip  injec¬ 
tion),  subjects  from  the  two  implant  groups  (accum+stria 
and  vent)  were  combined.  Both  morphine  and  amphetamine 
(ip)  produced  a  statistically  significant  increase  in  baseline 
locomotion,  relative  to  saline,  x:(2.  N  =  346)  =  2 1 5. 1 1 6.  p  < 
.001.  Baseline  locomotor  drug  responses  did  not  differ  be¬ 
tween  morphine-  and  amphetamine-injected  mice  (Figures  2 
and  3). 

At  all  three  time  periods  analyzed,  morphine-induced  lo¬ 
comotor  hyperactivity  was  significantly  reduced,  x:(3.  A1  = 
54)  =  7.873-12.064.  p  <  .05,  by  subsequent  injections  of 
either  naloxone  or  cimetidine  into  the  accum+stria  (com¬ 
pared  with  ic  saline,  see  Figure  2).  Chlorpheniramine  had  no 
effect  on  morphine-stimulated  locomotion.  Intra-accumbens/ 
stria  terminalis  injections  of  cimetidine  also  significantly  re¬ 
duced  amphetamine  hyperactivity  at  all  analyzed  times,  x:(3. 
N  =  44)  =  7.979-8.031,  p  <  .05.  However,  these  decreases 
were  not  so  great  as  those  observed  in  morphine-treated 
subjects  (Mann-Whitney  V,  ps  <  .05).  Neither  naloxone  nor 
chlorpheniramine,  when  injected  into  the  accum+stria  area. 
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MINUTES  POST  I.C.  INJECTION 

fitLiirc  2  Mean  locomotor  activity  counts  of  mice  after  an  initial  ip  injection  ol  morphine  (30  mg/kg), 
amphetamine  (4  mg/kg),  or  saline  followed  by  bilateral  intracranial  lie)  injections  of  naloxone  (2  >ig). 
cimetidine  (7S  wg).  chlorpheniramine  (20  <ig).  or  saline  (Intracranial  injections  were  placed  in  the 
nucleus  accumbcnr.  and  stna  terminalis  [see  f  igure  I  j  ) 
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LATERAL  VENTRICLE  INJECTIONS 


MINUTES  POST  I.C.  INJECTION 

Figure  3  Mean  locomotor  activity  counts  of  mice  after  an  initial  ip  injection  of  morphine  (JO  mg/kg), 
amphetamine  (4  mg/kg),  or  saline  followed  by  bilateral  intracranial  (ic)  injections  of  naloxone  (2  *ig). 
cimetidinc  (75  *ig).  chlorpheniramine  (20  *ig).  or  saline.  (Intracranial  injections  were  placed  in  the  lateral 
ventricles  (see  Figure  1 1) 


altered  amphetamine-stimulated  locomotion.  Apparently,  in- 
tra-accumbens  injections  of  naloxone,  cimetidine,  and  chlor¬ 
pheniramine  (at  the  doses  used  here)  do  not  cause  depression 
of  spontaneous  locomotion,  that  is.  ip-saline-injected  subjects 
did  not  change  their  locomotor  response  at  any  time  after 
these  intracranial  drug  treatments,  x*(3,  iV  =  56)  =  0.856- 
2.020,  p  >  .05. 

Compared  with  saline,  intraventricular  naloxone  signifi¬ 
cantly  reduced  morphine’s  locomotor  activating  effects  at 
each  of  the  three  time  periods  analyzed.  x’(3,  N  =  62)  = 
7.910-8.932.  p  <  .05.  However,  neither  of  the  antihistamines 
altered  this  opiate-induced  hyperactivity.  Although  there  ex¬ 
ists  a  trend  toward  a  cimetidinc-induced  reduction  of  am¬ 
phetamine  hyperactivity,  this  trend  just  failed  to  achieve 
statistical  significance,  x(3,  .V  =  61)  =  5.950-7.089,  p  >  .05. 
Similarly,  intraventricular  naloxone  and  chlorpheniramine 
failed  to  alter  this  amphetamine  response.  Spontaneous  lo¬ 
comotion  measured  after  a  saline  (ip)  injection  was  unaffected 
by  all  the  intracranial  drug  treatments  except  chlorphenira¬ 
mine.  Here,  control  mice  exhibited  a  slight  but  consistent 
(statistically  significant)  increase.  x  (3.  A’  =  69)  =  8.900,  p  < 
.05.  in  locomotion  I  5-20  min  after  the  intraventricular  injec¬ 
tion  of  liiis  Hi  receptor  blocker. 

Discussion 

Cimetidine.  when  injected  into  the  nucleus  accumbcns/ 
stria  terminalis.  countered  morphine-induced  locomotion. 


but  it  was  not  effective  in  altering  this  response  when  it  was 
injected  into  the  lateral  ventricles.  Intracranial  injection  of 
chlorpheniramine,  at  either  site,  did  not  significantly  change 
the  quantity  of  opiate-stimulated  locomotion.  These  data 
suggest  a  role  for  H;  receptors  (but  not  H,  receptors)  of  the 
accum+stria  in  the  production  of  this  behavioral  response. 
Similarly,  others  have  reported  that  cimetidine  antagonizes 
morphine  analgesia  (Hanig.  Hui.  &  Sun,  1981)  as  well  as 
opiate  effects  on  the  guinea  pig  ileum  (Takayanagi,  Iwayama. 
&  Kasuya,  1978).  In  addition,  the  apparent  difference  in 
behavioral  mediation  of  the  two  histamine  receptor  subtypes 
is  not  unprecedented:  for  example.  Malec  and  Langwinski 
(1983)  suggested  that  H,  receptor  blockers  antagonize  mor¬ 
phine  catalepsy  but  that  H:  antagonists  do  not. 

When  naloxone  was  injected  into  either  the  ventricles  or 
the  accvm+stria.  it  antagonized  the  behavioral  effects  of 
morphine.  However,  cimetidine  significantly  attenuated  opi- 
ate-indi’ccd  stimulation  only  when  it  was  injected  into  the 
a<  (  i  m+stria.  Opiate  receptors  that  mediate  this  locomotor 
response  are  apparently  located  both  within  and  outside  the 
Am  m+stria  areas.  Thus  there  may  be  at  least  two  noncon- 
gruent  opiate  systems  that  play  a  role  in  the  production  of 
morphine-induced  locomotor  hyperactivity:  a  partially  his- 
taminergic  one  located  in  or  near  the  nucleus  accumbens  and 
a  second  system,  outside  the  accumbcns.  in  which  histami- 
ncrgic  neurons  may  not  be  involved  Other  experiments  offer 
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some  support  for  this  hypothesis.  Hough  et  al.  (1484)  reported 
that  neither  chlorpheniramine  (ip)  nor  cimetidine  (ip  or  intra¬ 
ventricular)  antagonized  morphine-induced  antinociception 
of  mice.  Similarly,  others  have  found  that  intraventricular 
cimetidine  did  not  impair  the  locomotor  activity  of  morphine- 
treated  ratslBluhm.  Zsigmond.  &  Winnie,  1982;  Netti,  Bossa, 
Galatulas,  Sibilia.  &  Pecile,  1984).  Likewise,  the  present  data 
suggest  that  both  chlorpheniramine  and  cimetidine  do  not  (at 
the  dose  used)  significantly  alter  opiate-stimulated  locomotion 
when  injections  are  intraventricular.  However,  inasmuch  as 
Arri'M+STRiA  injections  of  cimetidine  reduced  morphine  lo¬ 
comotion,  my  data  highlight  a  role  for  H;  receptors,  of  this 
specific  brain  region,  in  the  production  of  opiate-stimulated 
movement. 

Because  injection  cannulas  aimed  at  the  nucleus  accumbens 
pass  through  the  lateral  ventricles,  there  is  the  potential  for 
some  of  the  injected  drug  to  backwash  into  the  ventricular 
system.  This  may  make  interpretations  concerning  locus  of 
drug  action  difficult.  However,  in  the  present  study,  the 
behavioral  effects  of  accumbens-  and  ventricular-injected  sub¬ 
jects  were  quite  different  (see  Figures  2  and  3).  These  findings, 
along  with  the  observations  that  injected  dye  flowed  only  to 
the  brain  targets,  support  the  contention  that  intra-aceumbens 
drug  injections  did  not  move  into  other  portions  of  the  brain. 

Cimetidine  (75  /ig/hemisphere)  injected  into  the  nucleus 
accumbens  produced  an  incomplete  (although  statistically 
significant)  reduction  in  the  hyperactivity  produced  by  4  mg/ 
kg  amphetamine.  A  similar  (but  less  reliable)  reduction  was 
observed  after  intraventricular  injections  of  this  antihista¬ 
mine.  H:  receptors  may  be  partially  responsible  for  the  pro¬ 
duction  of  this  amphetamine  locomotor  response. 

The  doses  of  amphetamine  and  morphine  used  in  the 
experiment  produced  similar  degrees  of  locomotor  hyperac¬ 
tivity.  However,  cimetidine  did  not  reduce  amphetamine- 
stimulated  locomotion  to  levels  as  low  as  those  exhibited  by 
morphine-injected  mice  that  also  received  this  antihistamine. 
Therefore,  the  available  data  suggest  that  histamine  may  be 
less  involved  in  amphetamine-induced  locomotion  than  in 
morphine-stimulated  activity.  This  interpretation  should  be 
made  cautiously,  however,  as  a  variety  of  doses  of  morphine 
and  amphetamine  were  not  administered. 

Apparently  this  dose  of  cimetidine  (75  ng/hemisphere)does 
not  produce  a  generalized  depression  because  intracranial 
injections,  at  either  acci  m+stria  or  vint  sites,  did  not  alter 
spontaneous  locomotion.  In  addition,  cimetidine  failed  to 
significantly  reduce  amphetamine-induced  locomotion  when 
this  antihistamine  was  injected  into  the  lateral  ventricles. 

There  is  an  apparent  inverse  relation  between  levels  of  brain 
histamine  and  locomotor  activity  of  the  morphine-treated 
mouse  (McClain  et  al  .  1977).  Lee  and  Fennesy  (1976)  sug¬ 
gested  that  the  opiate-stimulated  decrease  in  measured  hista¬ 
mine  levels  in  the  brains  of  hyperactive  mice  may  reflect 
release  of  the  amine.  Because  cimetidine  blocks  morphine- 
induced  locomotion,  the  present  data  are  in  consonance  with 
the  hypothesis  that  stimulation  ofhistaminergic  neurons  may 


be  involved  in  the  production  of  morphine- induced  locomo¬ 
tion.  Further,  these  data  suggest  specific  involvement  of  H: 

receptors  in  the  opiate-stimulated  hyperactivity  response  of 
the  C57BL./6J  mouse. 
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Pretreatment  with  recombinant  interleukin  1  (IL 
1)  protects  mice  in  a  dose-dependent  manner  from 
lethal  effects  of  ionizing  radiation.  Two  thousand 
units  of  IL  1,  given  i.p.  20  hr  before  irradiation, 
protect  88%  of  C57B1/6  mice  from  an  LD100/17  radia¬ 
tion  dose  (dose  of  radiation  that  kills  100%  mice  in 
17  days),  and  1000  U  of  IL  1  protect  100%  of  DBA/1 
mice  from  an  LD50,3o  dose.  This  finding  provides  the 
first  evidence  that  a  cytokine,  IL  1 ,  which  acts  as  a 
differentiation-  and  maturation-inducing  agent  for 
a  variety  of  cells,  also  can  9erve  as  a  signal  that 
initiates  radioprotective  events  in  vivo.  Because 
many  of  the  exogenous  immunomodulators  that 
have  been  shown  to  be  radioprotective  also  induce 
endogenous  IL  1  production,  our  observation  sug¬ 
gests  that  IL  1  may  mediate  their  radioprotective 
effects. 

Exposure  of  mammals  to  ionizing  radiation  causes  the 
development  of  a  complex,  dose-dependent  series  of  po¬ 
tentially  fatal  physiologic  and  morphologic  changes, 
known  as  acute  radiation  syndrome.  Radiation-induced 
destruction  of  the  lymphoid  and  hematopoietic  systems 
is  the  primary  cause  of  septicemia  and  death.  Enhanced 
susceptibility  to  infections  with  opportunistic  microor¬ 
ganisms  occurs  in  parallel  with  progressive  radiation- 
induced  atrophy  of  lymph  nodes,  spleen,  and  bone  mar¬ 
row  |1)  Protection  and/or  recovery  from  the  conse¬ 
quences  of  ionizing  radiation  has  been  investigated  at 
different  cellular  and  molecular  levels.  DNA  repair  mech¬ 
anisms  and  the  chemical  radioprotection  afforded  by 
thiol  compounds  have  been  studied  extensively  (2.  3). 
Transplantation  of  as  few  as  10"  bone  marrow  cells  per 
kg  body  weight  into  lethallv  irradiated  (with  LDi,„.  «>) 
animals  or  patients  protects  them  from  death  This  well- 
documented  clinical  and  experimental  procedure  pro¬ 
vides  proof  that  despite  radiation-induced. damage  to 
many  cell  types  and  tissues,  it  is  the  more  radiosensitive 
cells  of  the  immune  and  hematopoietic  systems  that  are 
crucial  for  defenses  against  lethal  complications  of  radia¬ 
tion.  in  a  dose  range  below  induction  of  gastrointestinal 
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syndrome  ( 1 ). 

Radioprotection  has  also  been  reported  to  be  conferred 
by  immunomodulatory  substances.  Numerous  microbial 
components  such  as  bacterial  lipopolysaccharide  (LPS), 
muramyl  dipeptide.  Mycobacterium  bovis  strain  BCG. 
and  glucan  have  radioprotective  effects  when  adminis¬ 
tered  before  irradiation  (4).  It  has  been  suggested  that 
radioprotective  activity  conferred  by  immunomodulators 
can  be  attributed  to  their  capacity  to  enhance  hemato¬ 
poietic  and  immune  functions.  Our  understanding  of  the 
mechanisms  by  which  these  agents  are  radioprotective 
and  the  participation  of  endogenous  cytokines  or  lym- 
phokines  that  are  known  to  be  induced  by  immunomod¬ 
ulatory  substances  remain  to  be  established.  The  avail¬ 
ability  of  recombinant  interleukin  1  (IL  1)  (5)  free  of 
endotoxin  and  other  cytokines  and  peptides  permits 
study  of  the  role  of  the  cytokine  in  radioprotective  events. 
We  considered  IL  1  to  be  a  logical  candidate  for  an  endog¬ 
enous  radioprotective  mediator,  because  exogenous  im¬ 
munomodulatory  radioprolectors  elicit  its  production. 
Furthermore,  the  addition  of  monocyte-conditioned  me¬ 
dia.  containing  IL  1.  to  cultures  of  irradiated  human  T 
cells  has  been  reported  to  partially  restore  PHA-indured 
proliferation  of  these  cells  (6). 

In  this  report,  we  will  present  evidence  that  i.p.  admin¬ 
istration  of  IL  1  protects  mice  from  the  lethal  effects  of 
irradiation. 


MATERIALS  AND  METHODS 

Mice.  Inbred  st.ains  of  female  mice.  (\57BI,H  and  DBA  1.  were 
obtained  from  The  Jackson  Laboratory.  Bar  Harbor.  MK.  All  mice 
were  quarantined  and  were  acclimated  for  at  least  2  wk  to  the 
conditions  of  the  Veterinary  Medicine  Department  Facility  at  the 
Armed  Forces  Radiobiology  Research  Institute.  Mice  were  kept  in 
cages,  nine  mice  per  cage,  with  filter  lids  Standard  lab  chow  and 
H(  l  acidified  water.  pH  2  4.  were  given  ad  libitum  All  cage-cleaning 
procedures  were  earried  out  in  a  micro-isolator 

Irradiation  Mice  were  placed  in  Plexiglass  containers  and  were 
given  whole  IxhIv  irradiation  at  O  40  C»v  nun  b\  bilaterally  |>ositioncd 
*'(‘o  elements  The  total  dose  was  9.5  (iy  |950  rad) 

II.  I  and  control  protein  Recombinant  II.  1  (Lot  No.  11519  159- 
4b|  was  a  generous  gift  from  Drs  W  Beniamin  and  I’  Lomedieo  ol 
Hoi  I  man LaRot  he.  Nutlev.  N.J  This  prep.ir.it  ion.  with  spcrilic  activ 
it\  ot  (>  x  10*  U  mg  or  2  x  in”  t !  ml.  was  supplied  in  5  M  guanidine 
hvdn>chlonde  As  a  control,  a  preparation  of  a  purified  protein  Irom 
a  bacterial  extract  (Lot  No  1  1  51 9- 1  77-4b|  containing  the  plasmid 
without  IL  I  i  DNA  was  used  (Hollm.m  LaRoche).  This  protein  was 
extracted  with  5  M  guanidine  MCI  and  was  treated  in  the  same 
manner  as  the  If.  I  preparation  The  molecular  si/e  of  the  protein 
was  similar  to  that  of  IL  1  The  LI’S  contamination  ol  both  sub 
stances  was  established  at  HolTman-LaRochc  by  a  Limulus  assay  to 
contain  less  (ban  2  U  or  0.4  rtg ol  LPS  per  ml  inlhelL  I  preparaf  ion. 
and  less  than  20  U  or  4  ng  per  milliliter  for  the  bacterial  extract 
protein  The  Limulus  a^say  was  performed  by  diluting  the  protein 
preparations  to  the  concentration  of  guanidine  HCI  that  did  not 
interfere  with  the  assay  {Dr.  Lomedieo.  private  communication}  Both 
substances  were  diluted  in  pyrogen-free  saline  so  that  the  lin.il 
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concentration  contained  less  than  4  pg  LPS/ml  In  the  IL  1  inoculum 
and  less  than  40  pg/mt  of  LPS  in  the  extract  protein  inoculum 


RESULTS  AND  DISCUSSION 

Female  C57B1/6  mice.  2  to  4  mo  old.  were  Injected  l.p. 
with  IL  1  in  0.5  ml  of  pyrogen-free  saline  20  hr  before 
irradiation.  The  doses  of  IL  1  ranged  from  350  to  2000  U 
per  mouse  (58  to  333  ng  protein,  containing  less  than  1 
to  4  pg  LPS  contamination).  The  bacterial  extract  protein 
was  used  in  amounts  equivalent  to  the  protein  content  of 
1000  or  2000  U  of  IL  1.  i.e..  166  or  333  ng  protein 
(containing  less  than  20  or  40  pg  LPS  contamination). 
Administration  of  IL  1.  but  not  of  bacterial  protein  ex¬ 
tract.  protected  C57B1/6  mice  from  the  lethal  effects  of 
radiation,  as  demonstrated  in  Figure  1 . 

Similar  radioprotection  was  also  demonstrated  in  DBA/ 
1  mice.  This  strain,  however,  was  more  radioresistant 
than  C57B1/6.  Whereas  950  rad  corresponded  to  LD50/;io 
for  DBA/1  mice,  the  same  dose  killed  100%  of  C57B1/6 
mice  within  17  days.  A  dose  of  1000  U  of  IL  1  per  mouse 
protected  100%  of  DBA/1  mice  from  radiation  lethality 
(Fig.  2).  Neither  strain  of  mice  demonstrated  any  obvious 
deleterious  effects  from  any  of  the  doses  of  IL  1  admin¬ 
istered  i.p.  Figure  2  shows,  however,  that  mice  injected 
with  bacterial  protein  extract  had  enhanced  radiation 
mortality.  This  effect  was  observed  only  in  one  experi¬ 
ment  and  may  be  due  to  the  toxicity  of  guanidine.  Re¬ 
peated  experiments  with  this  preparation  did  not  show 
significantly  enhanced  mortality.  Because  the  bacterial 
protein  extract  serves  as  a  control  only,  this  effect  was 
not  examined  further.  In  both  strains,  administration  of 
IL  1  4  hr  before  irradiation  resulted  in  lower  degrees  of 
protection  (reduced  from  88%  at  20  hr  to  30%  survival 
for  C57B1/6  mice  at  4  hr).  Furthermore,  administration 
of  IL  1  45  hr  before  irradiation  resulted  in  12.5%  survival 
vs  75%  survival  of  C57B1/6  mice  treated  with  IL  1  20  hr 
before  irradiation. 

This  is  the  first  report  in  which  a  preparation  of  a 
single  cytokine.  IL  1.  free  of  other  macrophage-derived 
substances,  was  shown  to  initiate  considerable  radiopro¬ 
tective  effects  in  vivo.  Previous  studies  which  suggested 
a  radioprotective  role  for  interferon  evaluated  only  par¬ 
tially  purified  preparations  (7).  Because  IL  1  is  as  potent 
a  radioprotector  as  many  bacterial  components  known  to 
induce  it.  IL  1  can  be  used  instead  of  radioprotective 


Figure  I  Kadinprotcctivr  effect  of  IL  1 
on  leth.illy  irradiated  (LDIOo,?)  C57HD6 
mice  C57BI/B  mice.  2  to  4  mo  old.  were 
placed  in  Plexiglass  restrainers  and  were 
given  whole  Ixxly  irradiation  of  40  rad 
min  hv  bilaterally  positioned  "*’('0  ele 
ments  The  total  dose  was  950  rad  He 
romblnant  II.  I  |*|  or  F.  colt  extrac  t  eon- 
taming  the  plasmid  without  II.  I  cDNA  |7| 
were  diluted  in  pyrogen  free  saline  and 
were  administered  1  p  20  hr  t>efore  irra 
citation  Standard  lab  c  how  and  H< *1  ac  id 
Pied  water  |pH  2  4)  were  given  .id  libitum 
Results  are  a  compilation  o!  lour  separate 
experiments  Control  n  -  4h  Kxtrac  t  (••) 
n  -  2 8.  .450  i  ;  -  8  500  t !  -  9  1000  U  - 
lb  I  500  1;  -  8  2000  1-  24  *  SprettK- 
acOvltvbx  10*11  mg  protein  or  2  lo"(' 
ml  ••  F.  eoh  extract  dilution  parallel  tb.it 
o!  I OOO  l  ’  and  2000  t  •  of  11.  1  Differenc  e 
between  control  and  high  dose  <»t  II.  1  is 
significant  at  p  <  O  OOI  |*  a-  H8  2  df  -  1) 
as  calculated  hv  chi  vjuare  test  with 
Yate  s  correction  for  c  ontinultv 


bacterial  components,  many  of  which  remain  in  the  host 
long  after  irradiation  and  which  are  also  known  to  have 
harmful  systemic  effects.  The  rapid  clearance  of  IL  1 
from  the  circulation  (8)  makes  it  unlikely  that  this  cyto¬ 
kine  would  exert  harmful  long-term  effects  on  the  host 
after  irradiation. 

Much  recent  data  on  IL  1  activity  (9.  10)  suggest  its 
importance  in  many  cell  functions.  Originally  perceived 
primarily  as  a  mediator  of  inflammation.  IL  1  lately  has 
also  been  Implicated  as  a  differentiation-  and  matura¬ 
tion-inducing  agent  for  a  variety  of  cell  types.  IL  1  has 
been  suggested  to  participate  in  wound  healing  and  in 
increasing  protection  from  infection  (9.  10).  In  addition, 
enhanced  levels  of  IL  1  detected  in  the  placenta  (11),  in 
circulation  after  exercise  (12),  and  post-ovulation  (13) 
suggest  that  even  though  IL  1  may  have  some  noxious 
effects,  such  as  fever  Induction,  this  cytokine  may  play 
a  constructive  role  In  normal  functions,  in  development 
as  well  as  in  host  defenses. 

Although  the  basis  for  the  radioprotective  effect  of  IL 
1  remains  unclear,  a  variety  of  mechanisms  have  been 
postulated  to  explain  the  radioprotective  effects  of  im- 
munomodulators  and  may  account  for  the  radioprotective 
activity  of  IL  1 .  Immunomodulators  induce  neutrophilia 
by  mobilizing  polymorphonuclear  cells  from  the  bone 
marrow,  a  function  also  attributed  to  IL  1  (9.  10).  The 
migration  of  the  neutrophils  from  the  bone  marrow  into 
the  circulation  may  render  them  less  susceptible  to  en¬ 
hanced  radiation  levels,  due  to  secondary  electrons  emit¬ 
ted  from  mineral  bone  after  photoelectric  absorption  (4). 
Another  radioprotective  pathway  may  depend  on  IL  1- 
Induced  procoagulant  formation  by  endothelial  cells  and 
stimulation  of  Increased  levels  of  fibrinogen  In  circula¬ 
tion  (14).  which  would  promote  the  formation  of  micro¬ 
thrombi.  The  hypoxic  conditions  created  in  such  a  milieu 
would  protect  the  cells  from  radiation  damage.  Yet  an¬ 
other  radioprotective  mechanism  may  be  related  to  a  well- 
documented  effect  of  IL  1  in  enhancing  oxygen  metatxi- 
llsm  in  neutrophils  (15).  As  a  result,  the  intracellular 
oxygen  levels  of  neutrophils  in  tissues  would  be  depicted, 
making  the  cells  more  resistant  to  radiation  Previous 
work  indicates  that  cells  in  the  late  S  phase  of  the  cell 
cycle  are  more  resistant  to  radiation  damage  (16).  Con¬ 
sequently.  IL  1  induction  of  the  production  of  other  Ivm- 
phoklnes.  such  as  colony-stimulating  factors  and  intcr- 
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Figure  2.  Radioprotective  eftei  t  of  |L  1  _j  80 
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se[xirale  experiments  Control  n  =  18:  Kx- 
tract  n  =  10.  500  U  =  10  100(1  1!  =  27  40 
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du  square  test  20 
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leukin  2.  that  induce  cell  proliferation  may  be  involved 
in  radioprotection  in  that  this  lymphokine  cascade  would 
initiate  entry  of  the  lymphoid  and  hematopoietic  progen¬ 
itor  cells  into  the  S  phase  of  the  cell  cycle.  The  fact  that 
the  cell  cycle  time  needed  for  hematopoietic  progenitor 
cells  and  lymphoid  cells  has  been  estimated  to  last  from 
6  to  20  hr  ( 17- 19)  may  account  for  the  time  lag  necessary 
forIL  1  radioprotection.  Another  possible  radioprotective 
pathway  initiated  by  IL  1  may  be  based  on  its  ability  to 
induce  acute  phase  proteins  (9.  10)  which  may  have 
radioprotective  effects.  In  conclusion,  the  identification 
of  IL  1  as  a  radioprotective  cytokine  furthers  our  under¬ 
standing  of  the  pathways  that  mediate  endogenous  radi¬ 
oprotective  events,  and  may  lead  to  development  of  new 
means  of  radioprotection  free  of  the  harmful  effects  of 
radioprotective  drugs. 
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Sl’MMARV  AND  CONC  LUSIONS  INI  RODUCTION 

1 .  The  action  of  histamine  on  CA  1  pyram-  Evidence  is  accumulating  in  support  of  his- 

idal  cells  was  studied  in  a  hippocampal  slice  tamine  as  a  neurotransmitter  in  the  hippo- 
preparation.  campus  (29).  The  synthetic  enzyme  histidine 

2.  In  the  presence  of  tetrodotoxin  (TTX)  decarboxylase  is  present  in  CA1.  CA3.  and 

and  tetraethylammonium  (TEA),  histamine  dentate  regions  (4).  Electrical  stimulation  and 
had  little  effect  on  the  calcium  spikes.  depolarizing  agents  cause  the  release  of  radio- 

T  Using  the  single-electrode  voltage-clamp  labeled  histamine  from  hippocampal  slices 
technique,  the  actions  of  histamine  on  mem-  (28.  34).  Histaminergic  inputs  enter  the  hip- 
brane  currents  were  tested.  In  TTX.  histamine  pocampus  dorsally  through  the  fimbria  and 
( I  /jM  )  decreased  outward  current  only  at  po-  centrally  by  way  of  the  amygdala  (4).  Some  of 
tentials  more  depolarized  than  approximately  these  inputs  arise  from  fibers  coursing  through 

50  mV.  where  calcium-mediated  potassium  the  lateral  hypothalamus  (12.  1 3).  In  addition, 
current  is  predominant.  In  the  presence  of  some  histamine  of  the  hippocampal  region 
manganese,  histamine  was  without  effect.  may  be  contained  in  nonneuronal  ele- 

4.  Histamine  (10  fiM)  did  not  affect  the  ments(29). 

transient  outward  potassium  current  (A-cur-  Histamine  alters  the  electrophvsiological 
rent),  the  inward  M-current  resulting  from  activity  of  hippocampal  pyramidal  cells.  Segal 
small  hyperpolarizing  steps,  or  the  inward  Q-  (31.  32)  found  that  CA1  and  CA3  pyramidal 
current  elicited  by  larger  hyperpolarizing  steps,  cells  respond  to  histamine  with  a  small  cal- 

5.  Blocking  potassium  currents  with  TEA  cium-sensitive  depolarization  and  an  increase 

or  replacing  calcium  with  barium  revealed  a  in  action-potential  firing  rate.  CA3  neurons 
slow  inward  current  normally  carried  by  cal-  fired  in  a  burst  pattern  in  the  presence  of  his- 
cium.  With  TTX  present  to  block  sodium  tamine.  Haas  and  Konnerth  (17)  demon- 
currents.  histamine  (10  jiM)  did  not  reduce  strated  that  the  calcium-mediated  potassium 
the  inward  current.  current  underlying  the  slow  afterhyperpolar- 

6.  The  outward  current  reduced  by  a  max-  ization  is  reduced  by  histamine  in  CA1  neu- 
imalh  effective  concentration  of  histamine  (10  rons.  Haas  (16)  also  found  that  local  appli- 
nM)  can  be  further  decreased  by  manganese.  cation  of  histamine  to  hippocampal  pyramidal 

T  The  results  support  the  conclusion  that  cells  often  resulted  in  a  hyperpolarization  and 
histamine  selectively  decreases  the  calcium-  a  small  conductance  increase.  In  the  present 
mediated  potassium  conductance  in  C'Al  py-  study,  voltage-elamp  technique  was  used  to 
ramidal  eclls  of  hippocampus.  The  possibility  further  investigate  the  actions  of  histamine  on 
is  raised  that  there  is  a  component  of  calcium-  hippocampal  pyramidal  cells.  The  results  re¬ 
mediated  potassium  current  that  is  insensitive  ported  here  suggest  that  histamine  selectively 
to  histamine.  decreases  calcium-mediated  potassium  current 
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in  CAI  pyramidal  cells  of  the  guinea  pig  hip¬ 
pocampus. 


Ml  I  HODS 


Male  Hurtles  guinea  pigs  (250-400  g)  were  lightly 
anesthetized  with  halothane  and  killed  by  cervical 
dislocation.  The  brain  was  removed,  and  the  hip- 
poeampus  of  the  left  hemisphere  was  dissected  out. 
The  hippocampus  was  then  rinsed  in  iced  Krebs 
solution  (composition  indicated  below)  that  had 
been  equilibrated  with  95*7  02-5‘:»  COj.  Transverse 
slices  350-400  /im  thick  were  cut.  using  a  Mcllwain 
tissue  chopper.  The  slices  were  incubated  in  oxy¬ 
genated  Krebs  solution  at  room  temperature 
(  ~  25°C')  for  at  least  I  h.  One  slice  was  then  trans¬ 
ferred  to  the  recording  chamber.  The  chamber,  de¬ 
signed  by  Dr.  K.  Zbicz  (37).  is  a  low-volume  ( ■ — 0.5- 
ml)  perfusion  chamber.  The  submerged  slice  rested 
on  a  nylon  net  and  was  held  down  by  a  larger  mesh 
netting  secured  by  silver  wires.  The  bath  was  con¬ 
stantly  perfused  with  warmed  oxygenated  Krebs 
solution  at  a  rate  of  I  ml/min.  When  changing  so¬ 
lutions.  at  least  10  min  were  allowed  for  the  solu¬ 
tions  to  equilibrate  with  the  tissue  before  data  were 
collected.  All  experiments  were  done  at  30  ±  1°C. 

Normal  Krebs  solution  contained  (in  mM)  124 
NaCI.  3  KC1.  2.4  CaC'K.  1.3  MgS()4.  1.24  KH,P()4. 
10  glucose,  and  26  NaHCOt.  When  barium  (2.4 
mM)  was  present.  CuCh  was  omitted  and  1.3  mM 
MgCl;  replaced  MgS04.  In  order  to  keep  3-4  mM 
manganese  in  solution,  both  sulfate  and  phosphate 
were  omitted  from  the  solution:  CaCl2  and  KH2P04 
were  left  out.  and  1.3  mM  MgCI;  replaced  MgS04. 
Other  pharmacological  agents  were  added  without 
adjusting  tonicity.  Tetrodoto.xin  (0.3  /j  M )  was  pres¬ 
ent  in  all  voltage-damp  experiments.  Histamine  ( 1 
and  10  |iMl  was  applied  in  the  perfusion  solutions. 
The  higher  dose  was  used  when  no  effect  was  ob¬ 
served  with  a  concentration  of  I  ^M.  All  solutions 
were  adjusted  to  pH  7.4.  Phenol  red  (0.000 12‘») 
was  added  to  the  solutions  for  a  visual  check  for 
large  changes  in  pH  during  the  course  of  the  ex¬ 
periment.  Phenol  red  at  this  concentration  had  no 
apparent  effect  of  its  own 

Intracellular  recording  electrodes  were  pulled 
from  thin-walled  capillary  tubing  ( 1 .2  mm  OD.  0.9 
mm  11).  Omega  Dot.  Frederick  Haer)  on  a  Brow  n 
f  laming  puller  and  were  tilled  with  3  M  KCI.  While 
in  the  extracellular  solution,  electrodes  (20-35  Mil) 
were  tested  for  their  ability  to  pass  current.  I  hey 
were  discarded  if  found  to  .  >e  incapable  of  passing 
at  least  *3  n  \  for  several  seconds  without  devel¬ 
oping  offset  potentials  Microelectrodes  were  posi¬ 
tioned  m  the  (  \l  pvramidal  cell  bodv  laser  An 
increase  in  microclcctrodc  resistance  indicated  the 
proximity  of  a  cell  A  transient  increase  in  capaci¬ 
tance  feedback  or  a  large  pulse  ol  depolarizing  cur¬ 
rent  aided  impalement  ot  the  neurons  \  stainless 
steel  bipolar  (concentric)  electrode  ['laced  in  the  al¬ 


veus  was  used  to  antidromically  stimulate  the  (  A  1 
pyramidal  cells.  The  presence  of  an  antidromic  ac¬ 
tion  potential  suggested  that  all  cells  used  were  py¬ 
ramidal  cells.  Only  neurons  with  resting  potentials 
more  negative  than  -  55  mV  and  action  potentials 
greater  than  70  mV  were  considered  acceptable  for 
this  study.  Cell  parameters  (mean  ±  SFi.  n  36) 
were  resting  membrane  potential  65.3  ±  0.79  mV. 
action-potential  amplitude  88.1  ±  2.15  mV.  and 
membrane  resistance  45.0  ,t  2.46  MSI. 

Recordings  were  made  through  a  Dagan  8100 
single-electrode  voltage  clamp.  While  this  technique 
has  its  limitations,  it  does  allow  analysis  of  currents 
in  small  cells.  Because  one  electrode  switches  be¬ 
tween  passing  current  and  recording  potential,  fast 
currents  cannot  be  adequately  clamped.  In  the 
present  study,  the  frequency  of  switching  was  set  at 
3  kHz.  and  the  duty  cycle  (time  spent  in  current¬ 
passing  mode)  was  25'V  .  No  attempts  were  made 
to  analyze  very  early  currents  ( < 20  ms  after  the 
voltage  command).  Most  current  measurements 
were  made  at  the  end  of  a  5()()-ms  step.  Another 
problem  associated  with  clamping  a  neuron  with  a 
complex  microanatomy  is  space  clamping.  C  ontrol 
of  membrane  voltage  may  be  adequate  at  the  soma 
and  proximal  dendrites  but  extremely  poor  at  more 
distal  processes.  It  has  been  reported  that  hippo¬ 
campal  py  ramidal  cells  are  electrically  compact  ( 10. 
23),  but.  as  discussed  by  Johnston  and  Brown  (24). 
space-clamp  considerations  cannot  be  ignored.  For 
this  reason,  the  data  here  are  treated  qualitatively. 
Voltage-clamp  control  can  be  optimized  by  /)  using 
relatively  low  resistance  electrodes  that  can  pass 
substantial  currents  as  described  above,  and  2) 
proper  adjustment  of  capacity  compensation  to  al¬ 
low  the  electrode  to  follow  the  switching  frequency 
of  the  clamp.  Continual  monitoring  of  headstage 
output  and  the  unsampled  (continuous)  current 
ensured  appropriate  adjustments  of  capacitance. 
Once  a  cell  was  impaled,  the  adequacy  of  the  clamp 
was  always  tested  by  its  ability  to  control  membrane 
potential  during  a  calibrator  signal  applied  between 
the  cell  membrane  and  ground.  If  the  membrane 
potential  fluctuated  by  >1  mV  for  a  10-mV  cali¬ 
brator  signal,  the  cell  was  rejected. 

Current-voltage  curves  were  constructed  from 
positive  and  negative  voltage  steps  (500  ms)  from 
a  holding  potential  usually  close  to  40  mV.  In 
some  cells  a  holding  potential  near  70  mV  was 
used.  Data  were  recorded  on  a  Could  2400  chart 
recorder  and  a  Could  4000  digital  storage  oscillo¬ 
scope  In  addition,  current  and  voltage  records  were 
digitized  and  stored  on  floppy  disks  using  an  I  SI 
I  1-0  5  microcomputer 
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I  laas  and  konnerth  ( I  7)  demonstrated  that 
histamine  m  concentrations  as  low  as  I  [i,\l 
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was  sufficient  to  decrease  the  late  afterhyper-  spikes  when  currents  near  threshold  were  used 
polarization  (AHP)  following  a  train  of  action  to  e\oke  the  spikes.  With  larger  currents,  the 
potentials,  while  the  early  AHP  was  unaffected  calcium  spikes  frequently  had  multiple  peaks. 
In  agreement  with  this  observation.  I  ig.  I  I  In  a  number  of  preparations  (5.  27).  multiple 
illustrates  the  results  of  a  similar  experiment,  peaks  on  action  potentials  have  been  inter- 
A  train  of  five  action  potentials  was  evoked  preted  as  spikes  initialed  at  multiple  remote 
by  five  short  depolarizations  (4  ms.  0.85  n.A)  nonisopotential  sites.  Hippocampal  pyramidal 
once  every  10  ms.  Histamine  (1.0  |iM|  sub-  cells  are  known  to  have  calcium  spikes  on  their 
stantially  reduced  the  late  AHP  that  followed  dendrites  (6,  36).  Histamine  caused  the  mul- 
the  train.  This  effect  was  reversed  by  washing  tiple  peaks  to  become  more  distinct  and  often 
with  normal  Krebs  solution.  Since  the  late  increased  the  frequency  of  spiking.  As  seen  in 
AHP  is  due  to  a  calcium-mediated  potassium  the  lower  traces  offig.  1  B.  in  histamine  a  sec- 
current  ((  -current)  (3.  18.  P>.  22.  30.  35),  his-  ond  spike  appears  during  the  200-ms  current 
tamine  could  be  acting  directly  to  decrease  ('-  step.  I  his  result  is  consistent  with  a  decrease 
current  or  indirectly  to  decrease  the  calcium  in  potassium  conductance  that  would  increase 
influx  that  turns  on  (  -current.  To  evaluate  the  the  space  constant  of  the  dendritic  membrane 
latter  possibility,  the  effect  of  histamine  on  and  thereby  allow  better  somatic  invasion  of 
calcium  spikes  in  a  solution  containing  tetro-  the  calcium  spikes  from  the  dendrites.  Yet  the 
dotoxin  |T 'TX)  was  tested.  results  do  not  eliminate  a  possible  action  of 

As  reported  by  Haas  and  Konnerth  (17).  histamine  directly  on  calcium  current.  Similar 
histamine  had  little  effect  on  the  I  T  X- resistant  results  might  be  expected  if  histamine  reduced 

A  Control  Histamine  Wash 


B  Control  Histamine 


/ 


'led  of  histamine  on  post  train  hypcrpolan/ation.  train  consisted  of  5  action  potentials  evoked  by  5 
i  s  of  O.X>  n\  (or  -1  ms  at  a  frequency  of  100  Hz.  On  this  time  scale,  individual  action  potentials  cannot 
.1  Membrane  potential  was  adiuslcd  to  71)  mV.  and  trains  were  evoked  every  70  s  Histamine  (I  nMl 
i  i lie  slow  hypcrpolari/ation  following  the  train  Washing  the  tissue  with  normal  Krebs  solution  lor  20  min 
iss’d  the  effects  of  histamine  Calibration  '  mV  7  s  H  effect  of  histamine  on  calcium  spikes,  control  on  loti .  I 
,i \1  histamine  on  right  I  I  \  (0  t  jiM I  was  present  to  block  the  sodium  action  potential  (  alcium  spikes  were  elicited 
with  0  2'  n\  lor  200  ms  ( /op  pum-Al  and  with  0  >  n  \  lor  200  ms  {bottom  I'lincb)  Current  steps  are  shown  below 
voltage  response  Histamine  accentuated  double  peaks  and  stimulated  second  spike  with  larger  current  stimulus  Mem¬ 
brane  potential  was  M  mV  Calibration  I  n  V  20  mV  .  2S  ms 
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the  calcium  spikes  in  the  dendrites  and  eon-  mium.  manganese,  and  removal  of  calcium 
sequently  decreased  C-current.  I  he  attenuated  from  the  bathing  solution  and  is  reported  to 
calcium  spike  would  more  easily  invade  the  constitute  the  majority  of  the  outward  current 
soma;  it  may  actually  appear  larger,  or  ntul-  activated  at  potentials  more  positive  than  50 
tiple  peaks  may  be  enhanced.  mV  (8).  To  study  C-current.  neurons  were 

voltage  clamped  to  a  holding  potential  near 
Potassium  aments  40  mv.  At  this  membrane  potential,  the  A- 

The  ionic  mechanism  of  the  action  of  his-  current  (see  below)  is  inactivated  ( 1 5)  and  does 
tamine  was  further  studied  under  voltage-  not  contaminate  the  current  records.  I  he  de¬ 
clamp  conditions.  C-current  has  been  well  de-  laved  rectifier  is  also  reported  to  be  predomi- 
seribed  by  Brown  and  Griffith  (X).  T  his  slowly  nantly  inactivated  at  this  holding  potential  (33) 
activating  outward  current  is  blocked  by  cad-  but  may  contribute  slightly  to  evoked  outward 

A 

Control  Histamine 


- - -d 


c 

Control  Histamine  Wash 


M<.  2.  Scnsitivitv  of  outward  current  to  histamine.  I:  (  A I  pyramidal  cell  wax  voltage  .lamped  to  holding  potential 
of  mV  Voltage  x* as  stepped  to  2 1  mV  tor  >00  ms.  I  I  \  (0.3  ^M)  was  present  to  OUkW  sodium  spikes  Illustrated 
currents  and  voltages  are  the  average  of  4  traces.  Lower  traces  show  actual  voltage  steps  /  <7 r  path 7  shows  current 
response  to  voltage  command  in  control  conditions.  Middle  pane!  wa?  obtained  following  addition  ol  I  y\1  histamine 
Hmhr  panel  shows  traces  with  and  without  histamine  superimposed.  Calibration  0.5  n\.  X0  mV,  2 00  ms  H  current 
voltage  relationship  of  same  cell  as  in  f  Currents  were  measured  at  the  end  o!  500-ms  steps  to  all  potentials  Ironi  a 
holding  potential  of  3X  mV.  /minder  show  curve  tor  control  currents,  and  circle v  show  currents  in  i  *<M  histamine 
Notice  that  onlv  currents  at  depolarized  potentials  were  reduced  b\  histamine.  ( data  from  another  cell  show  rev  ersibility 
of  histamine  effects  In  the  presence  of  0.3  mM  I  I  X.  CM  pvramidal  cell  was  voltage  damped  to  3"  mV  Voltage 
steps  to  23  nA  lor  H )  ms  were  applied.  Histamine  ( 10  *iM)  reversiblv  decreased  the  outward  current  (  alibration 
Isinie  bars  as  in  1 1  0.5  n-V  40  mV.  200  ms. 
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current  (see  discussion  of  delayed  rectifier,  be¬ 
low  ).  I  I  \  (()._■?  // M l  was  present  to  block  so¬ 
dium  spikes.  \s  would  be  expected  from  the 
results  reported  above,  ('-current  was  sub¬ 
stantially  reduced  b\  histamine  (big.  2).  I  he 
outward  current  evoked  by  a  depolarizing  step 
was  decreased,  but  the  current  response  to  a 
hyperpolarizing  voltage  command  was  usually 
unaltered  bv  histamine.  The  current-voltage 
relationship  was  aflecled  most  in  the  region 
where  (  -current  should  be  greatest:  at  poten¬ 
tials  more  depolari/ed  than  50  mV.  The  de¬ 
crease  in  current  was  greater  for  larger  depo¬ 
larizations.  In  all  I  1  cells  tested,  histamine  re¬ 
duced  this  outward  current.  With  steps  to  a 


potential  near  2s  mV.  the  average  decrease 
was  2b. S'-  1  4.6".  (mean  •  SI://  II). 

Other  potassium  currents  were  not  signifi¬ 
cantly  allected  bv  histamine.  A  transient  out¬ 
ward  current  blocked  bv  4-aminopv ridine  (4- 
AP)  was  described  bv  ( iustafsson  et  al.  (15)  in 
(  A3  pyramidal  cells.  I  he  current  was  inacti¬ 
vated  with  depolarization  and  was  total  I  \  in¬ 
activated  at  potentials  more  positive  than  55 
mV.  \  similar  outward  current  was  observed 
in  the  present  studs  inCAl  neurons,  lair  con¬ 
venience.  this  transient  outward  current  will 
be  called  A-current  because  it  resembles  (in 
voltage  dependence,  kinetics,  and  pharmacol¬ 
ogy)  the  A-current  described  in  invertebrate 


2.  Histamine  3.  4  AP 

1  .  Manganese  t  Manganese  I  Manganese 


1  and  2 


D 

1  .  Manganese 


2  Histamine 
I  Manganese 


and  2 


IK,  >  In  '  niM  manganese.  outward  currents  were  unaffected  bv  10  histamine  In  these  experiments.  manganese 
replaced  calcium,  and  t)  t  I  I  \  was  present  in  t  he  Krebs  solution  1/  response  of  (  Al  pvramidal  cell  to  a  series 
of  depolarizing  steps  Current  shown  in  i»'p  traces,  voltage  steps  m  /imci  traces.  Membrane  potential  was  held  at  s 
m\  Steps  go  to  >X.  52.  4f\  and  41  mV  f.v  response  ol  vime  cell  to  identical  steps  after  addition  of  10  ijM 
histamine  I V'  response  of  same  cell  to  identical  stops  aftei  addition  o|  MM)  <A1  4-ammop\ ndme  (4-AP)  to  the 
solution  H  superimposition  ol  current  trav.es  of  1/  and  I A  shows  that  histamine  had  no  ctiecl  on  outward  currents 
elicited  b\  the  depolarizing  steps.  (  :  supcrimposition  ol  current  traces  from  f  /  and  14  slums  that  4-  W  blocked  the 
fast  transient  outward  current  but  had  no  died  on  the  laic  outward  current  (  ahbration  lor  l-(  1  n  V  SO  mV  .  20(1 
ms  /)  in  another  (  A  I  pvramidal  veil,  last  transient  outward  current  was  inactivated  bv  holding  membrane  potential 
at  41  mV  Histamine  had  no  elleet  on  outward  c  urrent  elieiled  bv  a  voltage  step  to  24  mV  (  ahbiation:  O.s  tv\.  SO 
mV  21  Hi  ms 
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neurons  (2).  The  A-eurrent  was  studied  in  the 
presence  of  manganese  (.1  mM|  to  eliminate 
the  C-current  contribution  to  depolarizing 
steps  and  to  prevent  calcium  spiking.  TTX  was 
again  present  to  block  the  sodium  action  po¬ 
tentials.  Holding  potential  was  set  near  70 
mV  to  allow  the  current  to  be  well  activated 
(15).  Addition  of  10  histamine  to  the 
bathing  solution  had  no  effect  on  A-current 
(Fig.  3,  A  and  B).  The  transient  outward  cur¬ 
rent,  but  not  the  late  outward  current,  was 
blocked  by  500  4-AP  (Fig.  3,  .1  and  Cl¬ 
in  the  presence  of  manganese,  the  effect  of 


histamine  on  the  late  outward  current  was 
eliminated;  this  is  illustrated  in  Fig.  3 B.  where 
the  current  response  to  depolarizing  steps  with 
and  w  ithout  histamine  (Fig.  3,  A  /  and  .12)  are 
superimposed.  Similarly,  in  Krebs  solution 
containing  manganese,  if  A-current  was  in¬ 
activated  by  changing  holding  potential  to  -40 
mV.  10  /iM  histamine  did  not  alter  the  current 
evoked  bv  a  depolarizing  voltage  command 
(Fig.  3/)).  In  two  of  five  cells  studied  in  man¬ 
ganese-containing  solution,  membrane  con¬ 
ductance  (as  measured  between  -40  and  -60 
mV)  was  reduced  by  lO^iM  histamine.  Perhaps 


A  Control  Histamine  Muscarine 


B 


-  Hit  4  Histamine  1 10  n\\)  does  not  allect  M-  or  (^-current  1  I  \  0M  yM)  was  present  in  the  Krebs  solution  I 

-  membrane  potential  was  voltage  clamped  to  4K  mV  Voltage  step  to  4X  mV  revealed  an  inward  relaxation  (M- 
current)  that  was  not  altered  bv  10  #j\1  histamine  but  was  blocked  b\  JO  uM  muscarine  I  races  are  average  of  4 

,  identical  steps.  Calibration  O.s  n  \.  KO  mV;  200  ms.  H  larger  voltage  step  I  VS  to  SO  mV)  in  same  cell  as  t  showed 

,  inward  relaxation  tQ-current)  that  was  not  alleeted  bv  either  histamine  or  muscarine  Illustrated  currents  (upper  traces) 

and  voltages  {lower  traces)  are  unaveraged  single  traces.  Calibration  I  n  V  SO  mV.  200  ms  (  current-voltage  curves 
l  for  same  cell  as  in  I  and  H  uniter  same  conditions  (  urrents  at  the  beginning  of  hvperpolan/mg  steps  are  plotted  with 

[  etrdes.  currents  near  the  end  ot  the  MKkms  steps  are  plotted  with  Shaded  area  shows  M-current  region. 

,  Histamine  does  not  alter  either  M-current  or  0-current  inudd/e  panel).  Muscarine  blocks  M-current  without  affecting 

,  Q-current  (ri^hl  pane!) 


I 
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histamine  has  a  secondary  effect  on  some  py-  Q-current.  20  muscarine  was  applied.  As 
ramidal  cells  that  is  not  calcium  dependent,  expected,  the  inward  relaxations  resulting  from 
However,  the  actions  ot  histamine  on  voltage-  small  hyperpolari/ing  steps  were  blocked,  but 

activated  currents  were  eliminated  when  eal-  those  occurring  with  larger  steps  were  not  af- 

cium  channels  were  blocked.  f’ected  by  muscarine.  F  igure  4C 1  shows  the  cur- 

Another  potassium  current  described  in  rent-voltage  curve  of  one  cell  treated  in  this 
hippocampal  pyramidal  cells  is  the  M-current  way.  The  circles  represent  the  current  mea- 
(20).  Hyperpolari/ing  steps  from  a  holding  sured  early  in  the  500-ms  step,  and  the  tri¬ 
potential  near  40  mV  reveal  inward  relaxa-  angles  represent  the  current  measured  at  the 
tions.  I  he  relaxations  evoked  by  voltage  com-  end  of  the  step.  In  10  histamine  (center 
mands  to  potentials  between  40  and  70  mV  panel),  the  M-current  and  Q-current  were  un¬ 
resemble  M-currents  of  sympathetic  ganglion  altered,  whereas  in  muscarine  (right  panel).  M- 
cells  (7)  and  are  blocked  by  muscarinic  ago-  current  was  blocked  but  Q-current  remained, 
nists  (20).  Larger  hyperpolari/ing  steps  elicit  Segal  and  Barker  (33)  recently  described,  in 
the  pharmacologically  distinct  Q-current.  cultured  rat  hippocampal  neurons,  a  delayed 
which  is  dependent  on  both  sodium  and  po-  rectifier  that  is  inactivated  at  potentials  more 
tassium  ions  (20).  As  shown  in  fig.  4.  10  fiM  positive  than  50  mV.  An  outward  current 
histamine  did  not  affect  either  M-  or  Q-cur-  with  similar  voltage  and  pharmacological  sen- 
rent.  lo  clearly  distinguish  between  M-  and  sitivity  has  been  observed  in  pyramidal  cells 


A 

TEA  TEA  +  Histamine 


H(.  s  No  effect  of  histamine  ( 10  *iM)  on  membrane  currents  in  Krebs  solution  containing  10  mM  11  A  and  0.3 
IIX  J  \oliage  step  from  45  mV  to  23  mV  induced  an  inward  current.  Histamine  was  without  effect.  I  wo 
traces  are  averaged  (  alibration;  40  mV.  0.5  nA.  2(H)  ms.  li.  current-voltage  curves  for  same  cell.  Current  at  the  end 
o!  the  500-ms  voltage  step  is  plotted  against  the  step  potential.  Doffed  line  shows  relationship  without  histamine.  Solid 
line  shows  curve  in  10  mM  histamine  (  use  ol  (  s(  I  electrode  with  10  mM  1 1  A.  to  further  reduce  potassium  currents 
in  different  cell,  revealed  similar  inability  of  10  jiM  histamine  to  reduce  inward  current.  Holding  potential  is  53  mV. 
Currents  at  the  end  ot  the  steps  are  plotted.  Symbtils  are  same  as  in  H 
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of  hippocampal  slices  (K.  Zhic/.  personal 
communication).  With  a  holding  potential  of 
40  mV.  the  delayed  rectifier  should  not  con¬ 
tribute  substantially  to  the  recorded  outward 
currents.  Yet.  in  the  presence  of  manganese, 
which  does  not  block  the  delayed  rectifier  but 
does  block  C-current.  a  small  outward  current 
and  outward  tails  remain  (see  Figs.  3 D  and 
7.1).  This  might  suggest  that  the  recorded  out¬ 
ward  currents  may  be  contaminated  with  un¬ 
inactivated  delayed  rectifier.  The  delayed  rec¬ 
tifier  reactivates  with  steps  to  potentials  more 
negative  than  -70  mV  and  is  in  evidence  as 
an  outward  tail  when  membrane  potential  re¬ 
turns  to  -40  mV  from  negative  voltage  steps 
(see  Fig.  4 B).  Preliminary  analysis  of  this  tail 
current  (unpublished  observations)  suggests 
that  it  is  carried  by  the  same  current  as  the 
delay  ed  rectifier  described  by  Zbicz  and  by  Se¬ 
gal  and  Barker  (33).  It  is  not  blocked  by  man¬ 
ganese  and  is  inactivated  at  potentials  depo¬ 
larized  to  50  mV.  Although  the  outward  tail 
current  was  often  variable  in  amplitude  during 
the  course  of  an  experiment,  histamine  did 
not  have  any  systematic  effect  on  this  current 
(increased  1.3%  ±  5.7;  mean  ±  SE;  n  =  10). 
The  small  outward  current  and  outward  tails 
remaining  in  the  presence  of  manganese  (zero 
calcium)  were  also  insensitive  to  histamine 
(Fig.  3/7). 

Inward  calcium  current 

To  evaluate  the  effect  of  histamine  on  the 
inward  calcium  current,  the  potassium  cur¬ 
rents  were  pharmacologically  blocked.  In  the 
present  study.  10-15  mM  letraethylammo- 
nium  (TEA)  was  used  to  reveal  an  underlying 
inward  current  as  reported  by  Brown  and  Grif¬ 
fith  (9)  in  C'A  I  pyramidal  cells.  In  all  cells.  0.3 
/jM  TTX  was  present  to  prevent  sodium-de¬ 
pendent  spiking.  Johnston.  Hablitz.  and  Wil¬ 
son  (25)  and  Brown  and  Griffith  (9)  reported 
that  the  slow  inward  current  revealed  by  po¬ 
tassium  channel  blockers  was  sensitive  to  di¬ 
valent  cations;  cobalt,  manganese,  and  cad¬ 
mium  blocked  the  current.  Similarly,  the  in¬ 
ward  current  observed  in  the  present  series  of 
experiments  was  absent  when  manganese  was 
in  the  Krebs  solution.  These  data  suggest  that 
the  inward  current  was  carried  by  calcium. 

Using  a  holding  potential  of  40  mV.  in¬ 
ward  current  was  observed  with  voltage  steps 
to  more  positive  potentials.  In  some  cells, 
small  hyperpolarizing  commands  resulted  in 


an  outward  current,  suggesting  the  turning  off  \ 

of  a  persistent  inward  current.  In  TEA.  the  j 

inward  current  frequently  peaked  at  50-200  , 

ms  and  decayed  slowly  over  the  course  of  the  < 

500-ms  step.  Inward  current  was  reflected  in  \ 

the  current-voltage  curve  by  a  negative-slope  i 

region.  In  four  of  eight  cells  tested  in  TEA  (2  ] 

with  CsCl  electrodes  to  further  block  outward  | 

currents).  10  histamine  had  no  effect  on  1 

the  inward  current  (Fig.  5).  In  the  remaining 
four  cells,  the  peak  inward  current  and.  to  a 
lesser  degree,  the  inward  current  at  the  end  of 
the  500-ms  step  were  slightly  reduced  by  his¬ 
tamine.  However,  when  this  decrease  oc¬ 
curred,  it  was  never  reversed  by  a  wash  period 
of  at  least  20  min.  The  labile  nature  of  neu¬ 
ronal  calcium  currents  may  account  for  the 
observation. 


B 


Barium  Barium  -f- 

10  uM  HA 


I  u,  (i  No  effect  of  histamine  1 10  *iM)  on  membrane 
currents  in  presence  of  Krebs  solution  containing  2,4  mM 
barium  (no  calcium  land  0.3  >iM  MX  I:  negative-slope 
region  of  current-voltage  relationship  reflects  inward  cur¬ 
rent  carried  b>  divalent  cation  T  his  inward  current  was 
unaffected  bv  Id  jiM  histamine.  At  hyperpolari/cd  poten¬ 
tials.  the  current-voltage  curve  shifted  in  the  inward  di¬ 
rection  w  hen  10  uM  histamine  were  present,  bashed  line 
shows  relationship  without  histamine  Solid  line  shows 
curve  in  10  inti  histamine.  H  sample  currents  resulting 
from  voltage  steps  from  .19  to  2h  mV  in  same  cell  as 
I  Histamine  1 10  |iM)  was  without  effect. 
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In  the  presence  of  TEA  and  TIX.  depolar-  the  current-voltage  curve  in  two  cells  tested, 

i/.ing  steps  frequently  resulted  in  a  spike-like  These  results  suggest  that  histamine  does  not 

current  superimposed  on  the  slow  inward  cur-  affect  the  calcium  current.  The  histamine-in- 
rent.  This  spike  often  produced  a  very  slow  duced  decrease  in  (  -current,  therefore,  is  likely 
inward  tail,  which  persisted  for  a  variable  to  be  a  direct  effect  of  the  transmitter, 
length  of  time  and  ended  abruptly.  Similar  re¬ 
sults  have  been  reported  by  Brown  and  Griffith  Maximal  histamine  et/ect 
(9).  This  spike  contamination  sometimes  Histamine  in  concentrations  from  I  to  50 
made  the  current  records  and  the  actions  of  pV1  was  evaluated  on  the  outward  current  of 
histamine  in  TEA  solutions  difficult  to  inter-  (  A I  pyramidal  cells  in  the  presence  of  TTX 
pret.  to  block  sodium  spikes.  As  reported  above. 

Substituting  barium  for  calcium  eliminated  histamine  at  1  gM  reduced  the  outward  cur- 

spike  contamination  (at  holding  potentials  rent.  Addition  of  histamine  to  concentrations 

near  -40  mV)  and  further  decreased  residual  of  5.  10.  and  50  gM  produced  little  further 

C-current.  Barium  is  capable  of  carrying  in-  decrease  of  the  outward  current;  a  conccntra- 

ward  current  through  calcium  channels  but  tion  of  "5  gM  appeared  to  be  maximally  ef- 

does  not  activate  potassium  current  (II.  14).  fective. 

In  fact,  it  acts  as  a  potassium  channel  blocker  To  test  if  histamine  was  fully  blocking  C- 
(I.  21).  With  barium  and  TTX  present,  the  current.  10gM  histamine  were  applied  in  the 

current-voltage  curve  showed  a  negative-slope  presence  of  normal  calcium  concentration, 

region.  Under  these  conditions.  10  gM  hista-  (Phosphate  and  sulfate  salts  were  replaced  with 

mine  did  not  reduce  the  inward  current  but  chloride.)  After  achieving  the  maximal  his- 

eaused  an  inward  shift  of  the  current  at  po-  taminergic  effect,  the  calcium  was  replaced 

tentials  between  50  and  -100  mV  (n  =  4)  with  manganese;  10  histamine  were  still 

( Tig.  6).  The  significance  of  this  current  shift  present.  Since  manganese  decreased  the  con- 

is  not  clear.  Under  the  same  experimental  ductance  of  the  cell  in  the  hyperpolari/ed  re¬ 
conditions.  I  jiM  histamine  had  no  effect  on  gion.  the  leak  conductance  was  subtracted 


l  l< i.  7.  I  Hod  of  manganese  on  a  cell  exposed  (o  III  (iM  histamine  Holding  potential  was  5(1  m\  I  current- 
voltage  relationship  of  neuron  in  krehs  solution  containing  normal  calcium  hut  without  sulfate  or  phosphate  I  '<>/;</ 
/ini')  At  a  concentration  of  10  >iM.  histamine  produced  a  masimal  decrease  in  outward  current  uhuhcit h'h  )  Replacement 
of  calcium  with  manganese  (histamine  still  present)  increased  the  resistance  of  the  cell  (from  5(>  to  S')  Mi*)  and  appeared 
to  further  decrease  the  outward  current  (dolled  hue  I  H  cuTent-voltagc  curves  with  the  leak  current  subtracted  I  or 
the  curves  in  I.  idru/ih  in  H  correspond  to  the  same  condition  svmboh/cd  in  I  )  Manganese  mvicused  the 

outward  current  between  55  and  35  mV  but  decreased  the  outward  current  at  more  depolarized  potentials 
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from  the  current-voltage  curves  in  order  to 
evaluate  the  effects  of  manganese  on  the  out¬ 
ward  current  (Fig.  7).  In  all  three  cells  tested, 
manganese  increased  the  outward  current  in 
the  range  of  -55  to  30  mV.  This  can  be  ex¬ 
plained  by  the  block  of  inward  current  causing 
an  outward  shift  of  the  current-voltage  curve. 
At  potentials  depolarized  to  -30  mV.  man¬ 
ganese  decreased  the  outward  current.  At  these 
potentials,  the  effect  of  manganese  to  decrease 
the  outward  current  might  overwhelm  the  de¬ 
crease  in  the  inward  current.  Manganese  ap¬ 
peared  to  be  capable  of  further  decreasing  the 
outward  current  in  the  presence  of  a  maxi¬ 
mally  effective  dose  of  histamine.  These  results 
suggest  that  histamine,  although  blocking 
much  of  the  C-current.  does  not  block  all  C- 
current. 

Notice  that  even  in  the  presence  of  man¬ 
ganese.  an  outward  current  remains.  It  is  pos¬ 
sible  that  the  residual  current  is  delayed  rec¬ 
tifier  that  was  not  inactivated  by  the  depolar¬ 
ized  holding  potential.  Near  -28  mV,  this 
current  constituted  63%  ±6  (n  =  3)  of  the 
total  outward  current.  This  may  be  an  over¬ 
estimate  of  the  delayed  rectifier  contribution, 
however,  because  of  the  outward  shift  pro¬ 
duced  by  the  blocking  action  of  manganese  of 
the  inward  current.  Despite  the  difficulties  of 
quantification,  correcting  for  the  presence  of 
an  outward  current  in  addition  to  C-current 
would  increase  the  calculated  effectiveness  of 
histamine  to  decrease  C-current. 

DISCISSION 

Previous  investigations  revealed  that  his¬ 
tamine  affected  calcium-mediated  processes 
( 1 7,  3 1 .  32).  I  he  present  study  confirmed  that 
histamine  blocked  the  calcium-dependent  hy- 
perpolari/ation  following  a  train  of  spikes. 
Voltage-damp  data  revealed  that  the  slowly 
activating  potassium  current,  which  is  pre¬ 
dominantly  (  -current  (8).  was  reduced  by  his¬ 
tamine.  I  he  effect  on  (  -current  was  fairly  spe¬ 
cific:  M-.  ()-.  and  A-eurrcnts  were  unaltered 
In  histamine  I  he  delayed  rectifier  also  ap¬ 
peared  to  be  insensitive  to  histamine.  The  ef¬ 
fect  on  (  -current  is  not  a  consequence  of  a 
block  of  calcium  current.  Histamine  had  no 
effect  on  calcium  inward  current  or  on  calcium 
spikes  In  CAI  neurons  of  hippocampus,  his¬ 
tamine  appears  to  decrease  calcium-mediated 
potassium  current  in  a  very  selective  manner. 


It  is  clear  from  the  results  reported  here  that 
histamine  selectively  blocks  the  C-current,  al¬ 
though  the  effect  appears  to  be  small  (a  27% 
decrease).  This  is  in  contrast  to  the  dramatic 
effect  of  histamine  on  the  afterhyperpolari¬ 
zation.  The  voltage-clamp  analysis  may  pro¬ 
vide  an  underestimate  of  the  effectiveness  of 
histamine  fora  variety  of  reasons.  First,  despite 
attempts  to  inactivate  delayed  rectifier  with  a 
holding  potential  near  40  mV,  this  histamine- 
insensitive  potassium  current  may  contribute 
to  the  total  outward  current  used  in  calculation 
of  histamine  effectiveness.  From  the  data  in 
Fig.  7  it  appears  that  in  manganese  a  substan¬ 
tial  outward  current  remains  (63%  of  total  at 
-28  mV).  IfC-current  actually  constitutes  only 
37%  of  the  total  outward  current  measured, 
the  effectiveness  of  histamine  might  be  closer 
to  70%  than  to  27%. 

A  second  explanation  for  the  apparently 
small  effect  of  histamine  might  be  that  hista¬ 
mine  is  not  blocking  all  of  C-current.  If  it  were, 
the  addition  of  manganese  following  exposure 
to  a  maximal  concentration  of  histamine  ei¬ 
ther  should  have  no  further  effect  or  should 
increase  the  net  outward  current  by  blocking 
the  inward  calcium  current.  The  action  of  his¬ 
tamine  w'as  maximal  at  concentrations  above 
5  juM.  At  potentials  positive  to  -30  mV,  man¬ 
ganese  was  able  to  further  reduce  the  outward 
current.  This  suggests  that  the  histamine  is  not 
blocking  all  of  the  manganese-sensitive  cur¬ 
rent.  Two  possibilities  can  explain  this  finding. 
Manganese  might  be  attenuating  outward 
currents  other  than  C-current.  There  is  no  ev¬ 
idence.  however,  that  manganese  has  a  direct 
blocking  action  on  any  potassium  current;  its 
effect  on  the  C-current  is  through  prevention 
of  calcium  influx.  Alternatively,  only  a  portion 
of  C-current  might  be  histamine  sensitive.  An 
abstract  by  Lancaster  and  Adams  (26)  suggests 
that  a  subset  of  calcium-mediated  potassium 
current  is  sensitive  to  norepinephrine.  They 
termed  this  slow  current  /(AHP)  since  it 
seemed  also  to  be  the  component  of  calcium- 
mediated  potassium  current  responsible  for 
the  slow  afterhyperpolari/alion.  The  residual 
component  had  a  faster  time  course,  observed 
as  a  more  quickly  decay  ing  tail  current  follow¬ 
ing  a  depolarizing  step.  In  the  present  study, 
such  a  distinction  could  not  be  made.  After 
application  of  histamine,  no  distinctly  faster 
tail  current  was  revealed. 

A  third  factor  complicates  the  comparison 
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of  the  effectiveness  of  histamine  to  reduce  C- 
current  and  to  block  the  afterhyperpolariza- 
tion.  To  elicit  C-current,  the  voltage-clamp 
data  uses  voltage  steps  to  potentials  less  pos¬ 
itive  than  approximately  -25  mV.  Large  de¬ 
polarizations  were  precluded  because  the  very 
large  outward  currents  couid  not  be  clamped. 
Yet  C-current  is  not  maximally  activated  in 
the  potential  range  studied.  In  contrast,  an  ac¬ 
tion  potential  depolarizes  the  cell  to  +30  or 
+40  mV  where  C-current  is  turned  on  more 
fully.  The  difference  in  the  voltages  used  to 
elicit  C-current  in  the  two  experimental  par¬ 
adigms  might  make  comparisons  difficult. 

Haas  (16)  reported  that  histamine  applied 
by  iontophoresis  caused  a  hyperpolarization 
possibly  due  to  an  increase  in  potassium  con¬ 
ductance.  In  the  present  study,  some  cells  re¬ 
sponded  to  histamine  with  a  change  in  mem¬ 
brane  conductance  in  the  voltage  range  of  -50 
to  -80  mV.  In  solutions  containing  man¬ 
ganese,  10  jxM  histamine  caused  a  decrease  in 
conductance  in  two  of  five  cells;  in  barium, 
10  jiM  histamine  consistently  produced  a  re¬ 
versible  inward  shift  in  the  current-voltage  re¬ 
lationship  in  this  hvperpolarized  range  (see  Fig. 
6).  A  hyperpolarizing  action  of  histamine  was 
never  observed  in  the  present  study.  The  ab¬ 
sence  of  this  response  might  be  a  consequer  e 
of  the  method  of  application  of  histamine. 
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With  prolonged  exposure,  as  occurs  with  bath 
perfusion,  the  hyperpolarizing  response  might 
desensitize.  It  is  also  possible  that  this  hyper¬ 
polarizing  current  makes  only  a  minor  con¬ 
tribution  to  the  total  current  of  the  cell  and 
therefore  goes  unnoticed. 

As  reported  by  Haas  and  Konnerth  (17), 
the  action  of  histamine  to  reduce  C-current 
underlying  the  slow  afterhyperpolarization 
would  reduce  accommodation  of  action  po¬ 
tentials  and  increase  neuronal  excitability.  The 
action  of  histamine  on  CA1  pyramidal  cells 
would  depend  on  the  actual  distribution  of 
histaminergic  inputs  and  the  associated  his¬ 
tamine  receptor/channcl  complex.  Haas  (16) 
suggested  that  the  hyperpolarization  resulting 
from  iontophoretically  applied  histamine  is 
restricted  to  certain  sites.  It  is  possible  that  the 
action  of  histamine  on  C-current  also  is  re¬ 
stricted  to  particular  locations  on  the  cell.  The 
net  effect  of  histamine  may  actually  be  a  sen¬ 
sitive  balance  of  excitatory  and  inhibitory  ac¬ 
tions. 
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Abstract — We  studied  the  development  of  neurotransmitter  phenotype  in  sympathetic  neurons  grown  in 
the  presence  of  pmealocytes.  a  target  tissue  having  adrenergic  but  not  cholinergic  receptors.  Neurons, 
dissociated  from  neonatal  rat  superior  cervical  ganglia,  were  grown  in  co-culture  with  dissociated  pineal 
cells.  Both  ganglionic  and  pineal  non-neuronal  background  cells  were  allowed  to  grow  nearly  to 
confluency.  Electron  microscopic  cytochemical  techniques  were  used  to  examine  sets  of  co-cultures  at 
weekly  intervals  over  5  weeks.  Adrenergic  vesicles  were  identified  by  their  dense  granular  precipitate 
following  potassium  permanganate  fixation  We  found  that  the  percentage  of  small  granular  vesicles,  both 
in  synaptic  boutons  onto  other  neurons  and  in  axonal  varicosities,  declined  very  little  over  5  weeks.  After 
an  initial  drop  from  75  to  65%.  the  percentage  of  small  granular  vesicles  remained  remarkably  constant. 
Throughout  the  5  weeks,  more  than  70%  of  the  boutons  and  varicosities  contained  a  predominance  of 
small  granular  vesicles;  fewer  than  20%  contained  a  predominance  of  clear  vesicles.  Although  both  somal 
synaptic  boutons  and  axonal  varicosities  retained  a  predominantly  adrenergic  ultrastructure,  at  certain 
weeks  there  was  a  statistically  significant  shift  in  the  percent  distribution  of  adrenergic  vesicles  in  somal 
boutons  compared  with  the  distribution  in  axonal  varicosities. 

Because  these  cultures  were  grown  under  conditions  known  to  favor  an  induction  of  acetylcholine 
metabolism  and  a  suppression  of  catecholamine  metabolism,  we  conclude  that  the  maintaincnce  of 
adrenergic  ultrastructure  over  5  weeks  may  be  due  to  the  presence  of  the  pineal  cells. 

nize  this  effect.  Both  substances,  however,  act  indi¬ 
rectly.  on  the  neuron  by  affecting  the  production  of 
cholinergic  conditioning  factor  by  background  cells.' 

The  influence  of  direct  neuronal  contact  with  target 
tissues  on  subsequent  transmitter  metabolism  is  less 
clear.  Most  studies  have  shown  a  shift  to  cholinergic 
metabolism  regardless  of  the  presence  of  a  specific 
target  tissue.* "  "  Rowe  and  Parr14  found  that  pineal 
cells,  which  have  x  and  /I -adrenoreceptors  but  no 
acetylcholine  receptors,  caused  an  increase  in  choline 
acetyltransferase  activity  in  co-culturcd  sympathetic 
neurons  10  limes  over  that  found  in  neurons  in 
cultures  alone.  This  effect  was  not  reproduced  when 
the  neurons  were  treated  with  pineal  conditioned 
media.  Previous  studies  from  our  laboratory  indicate 
that  sympathetic  neurons  develop  dural  transmitter 
function  when  co-cultured  with  pineal  cells.  After  2.5 
weeks  in  culture  the  sympathetic  neurons  formed 
functional  cholinergic  synapses  onto  each  other,  as 
assessed  by  electrophysiologieal  techniques,  yet  still 
released  a  P -adrenergic  agonist  that  caused  an  in¬ 
crease  in  pineal  N -acetyltransferase  activity.1" 

In  these  studies  we  wished  to  extend  our  previous 
electrophysiologieal  and  biochemical  studies  by  using 
ultrastructural  techniques  to  determine  what  effect 
pinealocytes  have  on  co-cultured  sympathetic  neu¬ 
rons.  We  asked  if  the  dual  neurotransmitter  slate  in 
this  particular  co-culture  system  is  maintained  or 
transient.  We  also  sought  evidence  for  morphological 
contacts  between  sympathetic  neurons  and  pine¬ 
alocytes. 


Sympathetic  neurons  in  tissue  culture  display  con¬ 
siderable  plasticity  in  expression  of  neurotransmitter 
phenotype.  Depending  on  tissue  culture  environment, 
they  may  remain  adrenergic  or  they  may  undergo 
cholinergic  differentiation."  The  two  transmitter 
phenotypes  are  not  mutually  exclusive,  however,  and 
the  neurons  can  synthesize,  store  and  release  both 
transmitters  at  the  same  time.4111''  It  is  well  estab¬ 
lished  that  various  nonneuronal  background  cells  can 
produce  one  or  more  diffus.iblc  substances,  presently 
uncharacterized,1*  that  induce  a  shift  from  adrenergic 
to  cholinergic  transmitter  synthesis  in  sympathetic 
neurons  in  culture.'’"11  On  the  other  hand,  sym¬ 
pathetic  neurons  retain  their  adrenergic  phenotype 
when  grown  in  the  absence  of  background  cells  or 
when  presynaptic  input  is  mimicked  by  chronically 
depolarizing  the  neurons  in  elevated  potassium."  17 
Differentiation  of  ncurotransmitter  properties  is  also 
influenced  by  identified  growth  factors  and  hor¬ 
mones.  Epidermal  growth  factor  enhances  cholin¬ 
ergic  differentiation  whereas  glucocorticoids  antago- 


*To  whom  correspondence  should  be  sent  at  present 
address:  Department  of  Neurology.  4(11  Woodruff 
Memorial  Research  Building,  Emory  University  School 
of  Medicine,  Atlanta.  GA  30322.  USA 
tPresent  address  Stroke  and  Trauma  Program.  NINCDS. 
National  Institutes  of  Health.  Bethesda.  MD  20205, 
USA 

Abbreviations.  CV,  clear  vesicles;  SCG.  superior  cervical 
ganglion;  SGV.  small  granular  vesicles 
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We  have  previous!;,  published  detailed  descriptions  of  our 
culture  methodology.  1  l  or  these  experiments  we  plated 
dissociated  pineal  cells  onto  collagen-coated  plastic  cov- 
erslips  one  week  before  adding  the  dissociated  superior 
cervical  ganglion  (SC'G)  neurons.  Feeding  medium  com¬ 
prised  modified  FI2  medium  (F12K.  GIBCO)  supplemented 
with  5”otv  v)  fetal  bovine  serum  (Hyclone)  nerve  growth 
factor  (kindly  supplied  by  Dr  Gordon  GurolF)  and  addi¬ 
tional  glutamine  and  ascorbic  acid  (Sigma).  Background  cell 
proliferation  was  controlled  by  periodically  adding 
5-lluorodeoxv uridine  plus  undine  (Sigma)  to  the  feeding 
medium  The  purpose  of  this  treatment  was  not  to  com¬ 
pletely  eliminate  background  cells  but  rather  to  prevent  their 
overgrowth  Thus,  in  addition  to  pmealocytes  and  SC'G 
neurons,  the  culture  dishes  contained  a  nearly  eonlluent 
monolayer  of  various  background  cells,  including 
libroblasts  and  Schwann  cells,  from  pineal  glands  and  SC'G. 
For  these  experiments  only  cultures  of  the  same  plating 
(sister  cultures)  were  used  for  comparative  analysis. 

Mu  roscopy 

Two  dishes  of  sister  co-cultures  were  fixed  each 
week  during  the  5  weeks  of  study.  Culture  dishes  were 
rinsed  several  times  with  .V-2-hydroxyethylpipcra/inc-.V  - 
2-ethanesulfonie  acid  (HF.PFS)  buffered  Hanks  saline.  pH 
7.35.  Cells  were  fixed  in  freshly  prepared  4%  (w  v)  potas¬ 
sium  permanganate  (KMn04)  in  HF.PFS-bufTered  Hanks 
saline  and  then  placed  on  ice  for  I  h  The  cultures  were  then 
rinsed  first  in  cold  HFPF.S-bufTered  Hanks  saline,  then  in 
cold  sodium  acetate  buffer.  pH  5.  and  stained  cm  him  with 
uranyl  acetate  for  1 .5  h  at  4  C  Tissues  were  then  dehydrated 
through  a  series  of  ethanol  concentrations  and  embedded  in 
Taab  812.  Some  cultures  were  incubated  for  30 min.  with 
constant  gentle  agitation,  in  5  *  10  ‘M  t -norepinephrine 
(Sigma)  at  37  C  prior  to  fixation.  This  did  not  increase  the 
density  or  number  of  granular  vesicles  over  (hat  seen  in 
cultures  not  preincubated  with  norepinephrine  Control 
cultures  were  prepared  as  above  hut  with  the  additional 
preincubation  in  2/iM  reserpine  (Sigma)  for  2.3  h  before 
fixation  Suitable  areas,  at  least  two  from  each  coverslip. 
were  scored,  cut  out  and  mounted  so  that  sections  were  cut 
parallel  to  the  collagen  surface.  Thin  sections  were  collected 
on  Formvar-coatcd  slit  grids  and  photographed  in  a  Philips 
400  electron  microscope  at  60  kV.  Micrographs  were  taken 
at  a  magnification  of  46.600  and  printed  at  .  final 
magnification  of  1 1 6.5(H). 

Diiui  ainilv\!\ 

Synaptic  vesicles  were  photographed,  classified,  and 
counted  both  in  synaptic  boutons  contacting  neuron  somala 
tsomal  synapses)  and  in  axonal  swellings  relatively  remote 
from  nerve  cell  bodies  (axonal  varii  osities).  (For  clarity  and 
convenience,  we  shall  hereafter  refer  to  both  somal  synapses 
and  axonal  varicosities  as  terminals  or  varicosities.)  A  total 
of  so  such  terminals  were  counted  at  each  of  the  3  weeks 
Terminals  were  chosen  at  random  but  were  rejected  if  they 
contained  fewer  than  10  vesicles  total  Adrenergic  vesicles 
were  identified  by  their  dense  granular  precipitate  The 
number  ol  clear  vesicles  (CV)  and  small  granular  vesicles 
(SGV)  present  in  each  varicosity  was  counted  and  expressed 
as  a  percentage  of  the  total  number  of  vesicles  in  the 
terminal  l'\,  SGV  SGV  (SGV  s-  (  V)  »  l()0i 

Distribution  histograms  were  made  lor  both  axonal  and 
somal  varicosities  at  each  week  The  histograms  display  the 
distribution  of  varicosities  containing  various  percentages  of 
SGV  The  distributions  lor  the  different  weeks  were  then 
compared  by  applying  the  C  hi-square  analysis  to  the  data 
entered  in  r  -  .  contingency  tables  "'  In  the  rows  were 
entered  the  weeks  in  culture,  in  columns  were  entered  the 
percent  ot  varicosities  grouped  according  to  the  percentage 


of  SGV  they  contained  t()  23“ «.  23  30“  u,  3t)  73“ o.  and 
73  l(M)“„)  In  addition,  sets  of  sister  co-cultures  from  a 
second  plating  were  fixed  to  test  the  repeatability  of  our 
experiments  across  platings.  C  ounts  of  axonal  varicosities 
were  made  from  the  second  plating  of  co-cultures  fixed  at 
3.  4  and  3  weeks 

RFSl  I  TS 

We  found  that  SCO  neurons,  when  co-cultured 
with  dissociated  pinealocytes  over  a  5-week  period, 
retained  ultrastruetural  characteristics  of  adrenergic 
neurotransmitter  metabolism,  suggesting  ongoing  up¬ 
take.  synthesis  and  storage  of  norepinephrine. 

I  V.stWe  cytochemistry 

As  previously  described.1"  SCG  neurons,  alone  and 
in  small  clusters,  send  out  processes  in  bundles  which 
ramify  throughout  the  culture  dish  The  ncurites  are 
especially  tortuous  and  display  numerous  varicosities 
at  sites  of  synaptic  contacts  at  other  neuron  clusters 
and.  to  a  lesser  extent,  over  regions  of  pineal  cell 
nests.  We  found  that  the  ultrastructure  of  the  vari¬ 
cosities  at  these  locations  was  similar:  swelling  of  the 
axon  with  accumulation  of  vesicles. 

Adrenergic  vesicles  reacted  strongly  in  KMn04 
over  the  entire  5  weeks  of  the  study.  Figure  I  shows 
photographs  of  representative  synapses  and  vari¬ 
cosities  from  cultures  at  each  of  the  5  weeks.  The 
preponderance  of  SGV  in  the  terminals  is  clearly 
evident  at  each  week.  Less  frequently  seen  were 
terminals  containing  a  predominance  of  CV  (Fig.  2a). 
Even  at  five  weeks,  neurons  fixed  directly  in  KMn04 
(Fig.  If)  contained  SGV  that  had  as  dense  a  pre¬ 
cipitate  as  those  preineubated  in  norepinephrine 
(Fig.  la  e).  Thus,  the  ability  of  vesicles  to  precipitate 
with  KMn()4  (reflecting  endogenous  stores)  remained 
qualitatively  constant  over  the  5  weeks.  In  the 
rescrpine-l rented  control  cultures  studied  at  each  of 
the  5  weeks,  we  found  no  SGV. 

Because  KMnOj  fixation  docs  not  preserve  syn¬ 
aptic  densities,  we  could  not  precisely  determine  the 
relationship  of  vesicles  to  release  sites.  Nevertheless, 
we  did  not  sec  vesicles  clustered  at  presumptive 
release  sites.  This  was  true  even  for  varicosities 
containing  a  predominance  of  clear  vesicles,  in  w  hich 
typical  synaptic  release  sites  and  vesicle  clustering 
might  be  expected  (Fig.  2a).  We  found,  in  areas 
remote  from  SCG  neuron  somala.  varicosities  abut¬ 
ting  pineal  cells  (Fig  2b).  These  presumably  can  serve 
as  release  sites  of  functional  significance.  " 

Statistical  analysis  i  I  reside  counts 

In  order  to  quantify  the  ultrastruetural  data,  the 
synaptic  vesicles  tn  50  varicosities  from  co-cultures  al 
each  week  were  classified  and  counted,  as  described 
in  the  Experimental  Procedures.  We  found  that  the 
total  percentage  of  SGV  in  the  co-cultures  remained 
remarkably  constant  throughout  (he  study,  figure  hi 
shows  the  total  percentage  of  SGVs  from  the  50 
varicosities  counted  at  each  week  Alter  an  initial 
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Week 


Fig  5  Stability  of  vesicle  population  over  5  weeks  (A) 
Total  percentage  of  SCiV  at  each  week  Fifty  varuosities.  55 
somal  and  25  axonal,  were  counted  at  each  week  lor  5 
weeks  The  percent  SGV  of  the  total  of  all  vesicles 
counted  in  all  50  varicosities  is  plotted  (B)  Percentage  of 
varicosities  that  contain  more  than  60"  „  SCiV  (triangles)  or 
more  than  60%  OV  (circles)  at  each  week 


drop  between  weeks  I  and  2.  the  percentage  of  SCJVs 
remained  constant  at  about  65%.  Furthermore,  we 
found  that  the  vesicles  within  any  given  varicosity 
remained  predominantly  of  one  type.  Figure  5b 
shows  the  percentage  of  terminals  that  contained 
more  than  60%  SGV  or  more  than  60%  C'V  at  each 
of  the  5  weeks  More  than  70%  of  the  terminals 
contained  predominantly  SGV  and  lewcr  than  20" „ 
contained  predominantly  C'V  over  the  entire  course 
of  the  study 

In  order  to  compare  in  greater  detail  the  vesicle 
counts  from  week  to  week,  the  data  were  entered  in 
frequency  histograms  The  distributions  of  vari¬ 
cosities  having  different  percentages  of  SGV  for  each 
week  are  shown  in  Fig  4.  Separate  distributions  were 
constructed  for  somal  anti  axonal  varicosities  It 
appears  from  inspection  of  the  histograms  that  the 
distribution  of  axonal  varicosities  was  similar  for 


each  of  the  5  weeks  For  the  somal  synapses  the 
distributions  displayed  some  variation  The  somal 
histograms  for  weeks  I.  5  and  4  appeared  similar  and 
resembled  those  of  the  axonal  varicosities  I  he  somal 
histogram  for  week  2  and  possibly  week  5.  however, 
appeared  different  For  the  somal  varicosities  pooled 
over  the  5  weeks,  the  (  hi-squarc  ( /  )  for  the  5  ■  4 
contingency  table  was  25.55  (/’<tl.()5).  indicating 
significant  differences  within  this  group  (all  somal 
varicosities).  A  contingency  table  for  weeks  2  and  5 
did  not  show  a  significant  indicating  that  the 
percentage  counts  in  each  of  the  four  categories  for 
these  2  weeks  were  not  statistically  different.  /  for  a 
contingency  table  for  weeks  I.  5  and  4  was  also  not 
significant.  Weeks  2  and  5  were  therefore  combined, 
as  were  weeks  I.  5  and  4.  The  same  analysis  done  on 
the  axonal  counts  at  each  week  showed  that  they  were 
not  significantly  different  (P  >  0.05).  Therefore,  all  of 
the  axonal  counts  were  combined  The  frequency 
histograms  of  the  three  combined  groups  are  shown 
in  Fig.  5.  The  next  step  in  analysis  was  to  statistically 
compare  the  three  combined  groups  The  combined 
somal  counts  for  weeks  2  and  5  were  found  to  be 
significantly  different  from  each  of  the  other  two 
combined  groups  (P  <  0.01 ).  In  Fig.  5  it  appears  that 
the  principal  difference  occurred  as  a  reversal  of  the 
percentages  of  SCiV  in  categories  50  75" «  and 
75  100%  ti  e.  more  boutons  with  50  75",,  SGV  and 
fewer  with  75  100%  SGV).  When  the  distribution  of 
these  two  categories  for  the  weeks  2  and  5.  combined 
somal  counts  was  compared  with  the  same  distribu¬ 
tion  from  each  of  the  other  two  combined  groups,  the 
reversal  seen  in  the  histograms  was  found  to  be 
significant  (/’ <0.05).  The  same  comparisons  made 
between  the  0  25%  and  25  50"„  distributions 
showed  no  significant  difference 

To  summarize,  statistical  analysis  confirmed  that, 
overall,  there  was  no  significant  decline  in  numbers  of 
SCiV  between  weeks  I  and  5.  Fills  was  unequivocably 
true  for  axonal  varicosities  Somal  varicosities 
showed  some  variability,  but  differences  were  in  the 
groups  containing  greater  than  50",.  SGV  Ovciall. 
the  somal  varicosities  remained  predominantly  adic- 
nergic 

To  check  the  reproducibility  ol  some  ol  these 
results,  we  counted  axonal  varicosities  Iron)  sets  ol 
sister  cultures  from  another  plating  at  weeks  v  4  and 
5.  The  vesicle  population  comprised  65",  SGV  1  he 
combined  distribution  histogram  lot  the  three  weeks 
was  the  same  as  that  obtained  from  analysis  ol  the 
combined  axonal  varicosities  Iron)  the  first  plating 
reported  above. 

f  inally,  we  compared  results  obtained  with  and 
without  norepinephrine  loading.  We  counted  vesicles 
from  25  randomly  selected  unloaded  somal  and 
axonal  varicosities  at  week  s  Distribution  histogram 
and  (  Ill-square  analysis  of  the  data  showed  these 
unloaded  terminals  to  be  siaiisinallv  identical  io  the 
loaded  somal  terminals  ol  weeks  I,  V  4  am!  all  loaded 
axonal  varicosities 
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1  ig  4  [  requencv  histograms  showing  distribution  of  varicosities  having  dillerenl  percentages  of  SCiV 
Histograms  were  constructed  for  sonial  synapses  (left  column)  at  each  week  and  for  avotial  varicosities 

(right  column)  at  each  week 


nisei  ssion 

Pineal  it'll v  in  co -culture  with  superior  cervical  gang  - 
liun  neurons  nun  help  conserve  neuronal  udrenergu 
ullraslrut  lure 

We  found  that,  in  the  presence  of  pinealoevtes  and 
background  cells  of  SCO  and  pineal  origin,  sym- 


apthetie  neurons  maintained  their  adrenergic  ultra- 
structural  characteristics.  Based  on  data  in  the  litera¬ 
ture.  one  would  have  predicted  that  the  population  of 
synaptic  vesicles  would  have  shifted  to  one  of  pre¬ 
dominantly  clear  vesicles  for  the  following  reasons 
Our  cultures  were  grown  in  medium  with  fetal  calf 
serum  and  bicarbonate  butler,  and  had  nearlv  eon- 


big  I  Representative  varicosities  from  the  S  weeks  ol  study  Note  that  the  KMnO,  causes  strong 
precipitation  in  the  vesicles  at  all  times  (A)  (F  I  were  preincubated  in  I -norepinephrine  it) nun  prior  to 
fixation,  the  culture  in  (I  )  was  lived  directly  in  permanganate  I  \l  Sonial  varicosity  I  week  m  co-culture 
iBl  Axonal  varicosity  2  weeks  in  co-culture  (Cl  Sonial  varicosity  1  weeks  in  co  culture  (1)1  Sonial 
varicosity  4  weeks  in  co-culture  (F)  (F  )  Somal  varicosities  s  weeks  m  co-ciiltine  \vons  (A).  soni.Ua  (S). 

and  varicosities  (V)  are  identified 
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I  i ,ir  '  (  ombmed  frequency  histograms  Within  each  ol  t he 
A'"  e.itcgoi  ics  . >l  v ,n komiics.  m'iiu!  .nut  axonal.  the  histo- 
41.  Ill)'  .It  lMi.ll  Week  ll  Ig  4|  »«(  Cl  '111  p. 1 1  cd  llll'sc  tll.lt  did 
n*'t  statistically  dil)c*r  were  combined  I  lie  pooled  histo¬ 
gram  i*t  miiii.iI  count',  Irom  weeks  I.  '  .uul  4  w.is  not 
significantly  ditlcient  troni  the  pooled  histogram  ol  axonal 
souiits  hoin  weeks  i  m  i  /*  .  inis,  I  he  combined  histogram 
''I  soni.il  counts  tiom  weeks  '  .uul  s  w.is  signilic.intlv 
.1 1  tier  out  1 1  oil!  the  other  two  coni  hilled  histograms  I  /’  •  uul 
in  both  cases i 


H lien l  I . t \ c i  s  ol  background  cells.  I  hesc  eotiditious 
.tie  known  to  induce  neuron;. I  cholinergic  diH'crcn- 
li.itton  I  .nulls  lound  that  sy mpathetic  neurons 
crown  in  culture  conditions  simtl.it  to  ours  (hut 
without  co-culturod  pine.  tloc>  test  showed  a  shill  in 
the  pcn.cnt.igc  ol  S(iV  resides  troni  NX1’,,  .it  d.i\  4 
to  '4".  at  day  :i  in  culture  When  prelo.ideil  with 
'  hydioxydopaminc.  these  s.une  eulnires  declined 
liom  at  das  '  to  U'",,  at  das  fl  in  cull  lire 

I  xlrapolalmg  to  s  weeks,  one  mas  predict  that  the 
loaded  vesicles  in  I  .nidi'  s  study  would  have  declined 
to  4s"  <  >ui  co-cult  tires,  however,  showed  no 

dilleietue  Ivlween  loaded  and  unloaded  vesicles  at  5 
weeks  (his  indicates  that  the  neurons  retained  the 
capactlv  lot  svnthesis.  sioiagc  and  uptake  ol  nor- 
epmephttne  Whelhci  one  computes  our  data  with 
the  loaded  ot  unl'Meled  data  ol  I  atidts.  the  cotiscr- 
s  a tion  ot  ,ul tenet  etc  tilt  i  ast  me  t  m  e  in  out  eo-e tilt  tires 
is  apparent  I  iirthei mote,  out  eo  eiiltines  eont.nneel 
pineal  sells  which,  like  nonnenton.il  background 
cells  have  been  repot  ted  to  induce  a  shift  to  eholmei 
etc  ii.insinitlet  metabolism  in  S(  (i  neurons  Rowe 
and  I’aii  1  ivpoited  that  the  piesenee  of  pineal  cells 
caused  an  increase  in  eholme  aeelv  llranslerase  in 
co  ciiltmed  svmp.ithetie  neurons  Since  thev  did  not 


allempl  loelimin.tle  background  cells  of  either  pineal 
or  S(  ( i  origin.  n  is  difficult  to  assess  to  what  extent 
tile  cholinergic  induetion  was  due  lo  pmealoextes 
rather  than  the  background  cells  In  eontrasi.  we 
found  that,  although  the  sympathetic  neurons  dis¬ 
played  cholinergic  eleetrophxstoloeie.il  activity.  thev 
remained  htstoehemically  predominantly  adrenergic 
In  addition,  in  an  earlier  study  we  confirmed  that  the 
S('(l  neurons  m  eo-eulture  release  a  // -adrenergic 
agonist  which  induces  a  rise  m  pineal  \  -aeetv llratis- 
lerase  " 

Our  data  suggest  that  the  presence  of  cells  from  the 
dissociated  pineal  glands  helps  stabilize  the  popu¬ 
lation  of  adrenergic  xesieles  within  co-cnltured  svm¬ 
p.ithetie  neuron  varicosities  The  dissociated  pineal 
cells  then,  max  counteract  the  cholinergic-inducing 
influence  of  the  other  nonneuronal  background  cells 
Whether  this  requires  the  production  of  a  dillusable 
factor  or  a  closer  functional  contact  between  neuron 
and  pinealoevte  we  cannot  infer  Perhaps  relevant  to 
our  results  is  the  t.’ccni  abstract  by  Kessler  wherein 
he  reported  that  conditioned  medium  from  pineal 
cultures  influenced  ths  phenols  pic  expression  of  pep¬ 
tide  svnthesis  m  dissociated  SC  C i  neurons  I  his  etfccl 
was  apparently  different  from  those  produced  bv 
SC  C  i  nonneuronal  background  cells 

Ci in  vi  ni/iolhetn  neurons  in  culture  store  onJ  relmse 
the  two  transmitters  in  thUcrcni  amounts  <//>/»'> '/’rw/e 
to  the  nonet/ 

In  preliminary  studies  done  on  horseradish 
peroxidase-injected  SC  C i  neurons  in  co-culture  with 
pinealoevtes.  the  glularaldchyde-tixcd  vesicle  popu¬ 
lations  appeared  different  in  sonul  synaptic  terminals 
compared  with  axonal  varicosities  overlying  nests  of 
pinealoevtes  In  somal  sxnaptie  boutons  the  vesicles 
were  electron-clear  and  of  uniform  si/c  In  the  axonal 
varicosities  the  vesicles  were  pleomorphic  (W  Slum. 
\  (I  Parlilt.  .1  I  I  resehi  .uul  (  1  Rievler.  un¬ 

published  data)  These  findings  suggested  the  unusual 
possibility,  that  the  same  neuron  may  shill  transmitter 
synthesis  to  variable  degrees  m  vhtferem  terminals 
depending  on  the  type  ol  i.trgel  tissue  it  contacts.  Ko 
ei  ol'  also  reported  variability  in  vesicle  phenotype  m 
sympathetic  neurons  m  eo-eulture  with  brown  fat 
cells,  a  target  tissue  with  .ulrcnoicceptois  Vesicles  tn 
varicosities  near  the  Lit  tissue  were  uniformly  large 
and  clear  alter  aldehyde  fixation  and  contained  dense 
cores  alter  fx\fnf)4  fixation  f  hose  m  sonul  boutons, 
however,  were  of  variable  si/c  and  density  In  the 
present  study  we  found  no  statistically  significant 
segregation  of  vesicle  population,  bill  there  was  mote 
intragroup  variation  among  the  sonul  varicosities 
than  among  the  very  stable  axonal  vancoxitics  I  hits 
it  is  possible  that  under  some  conditions  the  slult 
toward  cholinergic  transmittci  metabolism  nuv  be 
greater  m  those  varicosities  contacting  ncinon.il  so¬ 
mal.  i  (acetylcholine  receptor  luigcli  than  in  those 
varicosities  oveilymg  nests  ol  pinealoevtes  i.idtc- 
noreeeplor  t.neeti 
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Our  results  do  not  exclude  other  explanations  for 
the  differences  between  somal  and  axonal  varicosities. 
Jaim-Etcheverry  and  Zieher'  found  that  nor¬ 
adrenergic  sympathetic  terminals  in  rat  pineal  glands 
can  take  up  and  store  serotonin  in  the  same  vesicles 
that  store  norephrine  This  occurred,  however,  only 
when  extracellular  serotonin  concentration  was  high 
and  when  intravesicular  norepinephrine  was  de¬ 
pleted.  By  using  appropriate  inhibitors  of  nor¬ 
epinephrine  and  serotonin  synthesis,  this  possibility  is 
experimentally  testable  Alternatively,  the  variation 
among  somal  histograms  might  be  caused  by  a 


subpopulation  of  cholinergic  neurons  which  make 
preferential  contact  w  ith  the  other  neurons  because  of 
the  presence  of  acetylcholine  receptors.  This  seems 
unlikely  because  all  somal  and  axonal  histograms 
showed  the  same  low  percentage  of  clear  vesicles;  the 
difference  was  between  somal  varicosities  that  were 
predominantly  adrenergic  in  ultrastructure. 
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RABIN.  H  M  .  W.  A.  MUNI.  A  (.'.  BAKAKK  II.  A  1  (  III  DI  SH  K  AND  J  I  I  I  Aiiutalrnun  U-mdueed  note 
averuon  tannin  c  in  III!',  ond  rat\  and  tile  rote  at  the  area  /notreina .  RID  NIOI.  BI-.HAV  36(8)  I  1 7  A—  1  178.  1986.  —  The 
capacity  til  angiotensin  II  I  All.  I  mgkg.  Il’l  lo  produce  a  lasle  aversion  was  sindied  in  cals  and  rals  with  and  without 
lesions  ol  the  area  postrema.  Using  a  one-bottle  test,  injection  of  All  produced  an  aversion  in  eats  but  not  in  rats.  Using  a 
two-bottle  test,  injection  ot  All  produced  a  slight,  hut  significant,  decrease  in  sucrose  preference  in  intact  rats,  but  had  no 
effect  on  rats  with  area  postrema  lesions.  I  esions  of  the  area  postrema  prevented  the  acquisition  of  a  taste  aversion  in  cats. 

I  hese  results,  which  show  a  clear  species  difference  in  the  capacity  of  All  to  produce  a  taste  aversion,  are  discussed  as 
supporting  the  hypotheses  that  there  is  a  relationship  between  the  sensitivity  of  ihe  area  postrema  to  a  compound  and  the 
capacity  of  that  compound  lo  produce  a  lasle  aversion;  and  that  e sedation  ol  the  area  postrema  constitutes  a  sufficient 
condition  for  taste  aversion  learning  to  occur 

Angiotensin  II  Conditioned  taste  aversion  Area  postrema  Cats  Rats 


A  conditioned  taste  aversion  (C  I  A)  is  produced  w  hen  a  critical  component  of  the  neural  system  leading  to  the  acqui- 

novel  tasting  solution  is  paired  with  tin  unconditioned  sition  of  a  CTA  for  one  class  of  unconditioned  stimuli,  and 

stimulus  such  as  exposure  lo  ioni/ing  radiation  1 2 1 1  or  treat-  that  any  unconditioned  stimulus  which  excites  the  AP  would 

ment  with  a  variety  of  toxic  and  nontoxic  compounds,  in-  also  lead  to  C  I  A  learning.  The  present  experiments  were 

eluding  lithium  chloride  and  amphetamine  |ff,IO|.  Previous  designed  lo  lest  the  hypothesis  that  excitation  of  Ihe  AP 

research  has  shown  that  the  area  postrema  (AP),  the  constitutes  a  sufficient  condition  foi  the  acquisition  of  a  CTA 

ehemoreceptive  trigger  /.one  for  emesis  (f|,  mediates  the  ae-  by  using  injections  of  angiotensin  II  (All  I  to  produce  a  CTA 

qtiisilion  of  a  CTA  when  the  unconditioned  stimulus  is  ir-  in  cats  and  rats.  Previous  research  has  established  that  in¬ 
radiation  1 14.  Ib|  or  injection  of  compounds  such  as  lithium  jeclion  of  All  produces  changes  in  AP  unit  activity  in  cats 

chloride  or  methylseopolamine  1 1.  Ih,  IX|.  In  contrast,  the  |4J.  but  has  no  effect  on  unit  activity  in  the  AP  of  the  rat  |5). 

AP  is  not  involved  in  the  acquisition  of  an  amphetamine  Concordant  with  these  electrophysiological  studies,  other 

induced  (TA|I.IX|.  In  this  role  the  AP  apparently  serves  as  research  has  shown  that  the  AP  mediates  the  cardiovascular 

the  transfer  point  by  which  information  about  potential  effects  of  All  in  the  cat.  but  not  in  the  rat  (e.g..  1 11)]).  These 

toxins  in  the  blood  and  cerebrospinal  fluid  is  transmitted  lo  studies  therefore  suggest  that  the  AP  of  the  cat  is  sensitive  to 

the  central  nervous  system  ( 1 7 1 .  exogenously  administered  All  while  the  APoflhe  lat  is  not 

These  studies  suggest  that  the  area  postrema  may  be  a  sensitive  to  exogenous  All  If  excitation  of  the  AP  is  a  suffi- 

'A  prcliminaiy  icporl  of  some  of  the  data  was  presented  at  the  1 4th  Meeting  of  the  Society  for  Neuroscience.  Anaheim.  CA.  1984.  t  his 
research  was  conducted  according  to  the  principles  described  in  the  “Cimde  for  the  (  are  and  Use  of  l  aboratory  Animals  "  prepared  by  the 
Institute  of  l  aboratory  Animal  Research.  National  Research  Council. 

^Present  Address:  Naval  Ocean  Systems  (  enter.  San  Diego.  CA  921^2. 

‘Present  Address:  Walter  Reed  Army  Institute  of  Research.  Washington.  DC  20307. 

'Requests  for  reprints  should  be  addressed  to  Bernard  M  Rabin,  Department  of  Psychology.  University  of  Maryland  Baltimoi  C  ninty. 
Catonsville.  Ml)  21228 
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MG.  I.  F.fTects  of  injection  of  All  ( I  mg,  kg.  IPl  or 'saline  on  sucrose 
intake  in  rats  (A)  and  cats  (Bt  using  a  one-bottle  test.  Irr  or  bars 
indicate  the  standard  error  of  the  mean. 


cient  condition  for  CTA  learning.  then  injection  of  All 
should  lead  to  the  acquisition  of  a  CTA  in  cats  hut  have  little 
or  no  effect  in  rats. 


I  XI’I  KIMCNI  l 


Subject* 

The  subjects  were  20  male  Sprague-Dawley  rats  weighing 
250-350  g.  and  lb  cats  weighing  3. 5-5.0  kg  at  the  start  of  the 
experiment.  All  animals  were  housed  in  individual  cages  in  a 
room  with  a  12:12  light :dark  cycle.  Food  and  water  were 
continuously  available  except  as  required  by  the  experi¬ 
mental  protocol. 

Methods 

The  initial  taste  aversion  procedures  for  both  rats  and  cats 
utilized  a  single-bottle  test  so  that  the  data  would  be  directly 
comparable.  For  the  rats,  the  procedure  involved  placing 
them  on  a  23.5  hr  water  deprivation  schedule  for  10  days 
during  which  w  itter  was  available  for  30  min  a  day  during  the 
early  light  phase  of  the  diurnal  cycle.  On  the  conditioning 
day  (day  10).  the  water  bottle  was  replaced  by  a  calibrated 
lube  containing  >  100  sucrose  solution  as  the  conditioned 
stimulus  (CS)  and  intake  measured.  Immediately  following 
the  drinking  period.  10  rats  were  given  a  single  intraperito- 
neal  injection  of  I  mg  kg  All,  while  the  remaining  10  rats 
were  given  an  injection  of  an  equivalent  volume  of  isotonic 
saline.  On  the  test  day  (day  1 1 ).  (he  rats  were  given  access  to 
the  single  calibrated  tube  containing  10 'i  sucrose  and  their 
intake  recorded. 

For  cats,  a  CTA  was  produced  by  removing  all  food  and 
water  20  hr  prior  to  the  conditioning  day.  On  the  condition¬ 
ing  day.  all  cats  were  given  a  single  dish  containing  a  meas¬ 
ured  amount  of  the  CS.  chocolate  milk,  and  their  intake  re¬ 
corded.  Immediately  following  a  I  hr  drinking  period.  9  cats 
were  given  a  single  injection  of  All.  I  mg/kg.  IP.  and  the 
remaining  9  cats  were  injected  with  an  equivalent  volume  of 
isotonic  saline.  Four  hours  after  the  injection  food  and  water 
were  returned  for  24  hr.  Food  and  water  were  then  removed 
20  hr  prior  to  testing  for  the  acquisition  of  a  CTA. 


FIG.  2  Photomicrographs  of  the  brainstem  of  the  rat  showing  the 
area  postrema  (A.  arrow)  and  representative  lesions  (B.Cl. 


Result*  mid  iissiun 

lest  day  CS  intake  is  presented  as  the  percentage  of  the 
baseline  intake  on  the  conditioning  day.  As  shown  in  Fig.  I. 
injection  of  All  did  produce  a  reduction  in  test  day  CS  intake 
in  cats  but  did  not  do  so  in  rats.  Analy  sis  of  the  data  using 
/-tests  indicates  that  there  were  no  significant  differences  in 
CS  intake  between  the  rats  injected  with  All  and  those  in¬ 
jected  with  saline .  t  1.15.  /j  -0. 10.  In  contrast,  the  cats  in¬ 
jected  with  All  showed  a  significantly  reduced  CS  intake 
compared  to  the  cats  given  saline  injection.  /  4.75. 

p  0.001 . 
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FIG.  '  Effects  of  AP  lesions  on  sucrose  preference  in  ruts  using  a 
two-bottle  test  The  scores  to  the  left  of  the  line  were  from  animals 
intected  with  All:  those  from  the  right  were  injected  with  saline. 
Error  bars  indicate  the  standard  error  of  the  mean. 


These  results  show  that  a  single  injection  of  All  produces 
a  CTA  in  cats  but  not  in  rats.  Since  the  research  cited  above 
indicates  that  the  AP  of  the  cat,  unlike  that  of  the  rat.  is 
responsive  to  exogenously  administered  All,  these  results 
suggest  that  activation  of  the  AP  by  treatment  w  ith  a  com¬ 
pound  is  an  adequate  unconditioned  stimulus  for  the  acqui¬ 
sition  of  a  CTA.  As  such,  these  results  would  be  consistent 
with  the  hypothesis  that  excitation  of  the  AP  constitutes  a 
sufficient  condition  for  CTA  learning. 

There  are.  however,  several  limits  on  this  conclusion, 
first,  because  the  AP  of  the  rat  does  contain  binding  sites  for 
All  |I2.20|.  it  may  be  that  the  behavioral  procedures  were 
not  sensitive  enough  to  permit  observation  of  the  All- 
induced  effects.  Second,  it  may  be  that  the  AP  of  the  rat. 
unlike  that  of  the  cat.  exerts  inhibitory  effects  on  this  behav¬ 
ior.  thereby  masking  the  effects  of  the  AP  on  behavior.  An 
inhibitory  effect  of  the  rat  AP  has  been  shown  for  rotation- 
induced  C  I  A  learning,  such  that  the  AP  lesions  cause  an 
enhanced  CI  A  |I5).  A  third  possibility  is  that  the  All- 
induced  C  l  A  observed  in  cats  is  not  mediated  by  the  AP  but 
involves  a  different  neural  structure.  T  he  experiments  de¬ 
scribed  below  attempted  to  evaluate  these  alternative 
hy  potheses, 

t  XEl  KtMlM  ; 

As  indicated  above,  the  failure  to  observe  an  All-induced 
C  I  A  in  rats  may  have  resulted  from  a  lack  of  sensitivity  of 
the  behavioral  C  I  A  procedures  or  because  the  AP  exerts  an 
inhibitory  effect  on  the  behavior.  This  experiment  was  de¬ 
signed  to  evaluate  these  hypotheses  by  using  (he  more  sensi¬ 
tive  two-bottle  procedure  ]  7. 1  l|  and  by  examining  the  effect 
of  AP  lesions  on  the  acquisition  of  alt  All-induced  C  I  A. 

Stihjfi  is 

I  he  subjects  were  78  male  rats  weighing  275-250  g  at  the 
start  of  the  experiment 

Methods 

The  behavioral  procedures  were  identical  to  those  de¬ 
scribed  above,  except  that  a  two-bottle  test  was  utilized.  On 
both  the  conditioning  and  test  days  the  animals  were  pre- 
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sented  with  two  calibrated  drinking  tubes,  one  containing  tap 
water  and  the  other  containing  a  100  sucrose  solution,  and 
the  intake  of  each  recorded.  Any  rat  which  did  not  show  a 
greater  sucrose  intake  than  water  intake  on  the  conditioning 
day  was  discarded  from  the  experiment.  This  procedure  was 
adopted  to  assure  that  all  rats  had  sampled  a  sufficient  quan¬ 
tity  of  the  CS  to  provide  a  valid  baseline  for  the  observation 
of  a  CTA.  Five  rats  with  AP  lesions  and  4  control  rats  did  not 
meet  this  criterion  and  were  excluded  from  the  experiment. 
Given  the  relatively  equal  numbers  of  lesion  and  control  rats 
which  were  discarded,  it  is  not  likely  that  this  procedure 
influenced  any  observed  differences  between  these  groups. 

Lesions  were  made  in  the  AP  of  15  rats  using  procedures 
detailed  previously  1 16.17],  Briefly,  the  rats  were 
anesthetized  with  a  combination  of  ketamine  ( 120  mg'kg.  IP) 
and  pentobarbital  (21  mg/kg.  IP),  and  the  AP  was  exposed 
and  cauterized  under  direct  visual  control.  An  additional  15 
rats  served  as  sham-operated  controls,  in  which  the  AP  was 
exposed  but  not  cauterized.  Following  surgery,  the  rats  were 
given  a  prophylactic  injection  of  Bicillin  (60.000  units.  IM) 
and  allowed  to  recover  for  2-7  weeks  before  starting  the  next 
phase  of  the  experiment.  The  remaining  8  rats  served  as  an 
unoperated  saline-injected  comparison  group. 

At  the  conclusion  of  the  experiment,  all  operated  rats 
were  anesthetized  with  pentobarbital  (50  mg/kg.  IP)  and  per¬ 
fused  with  isotonic  saline  and  I  O'?  formalin  saline.  The 
brains  were  fixed  in  KF7  formalin  saline  and  cut  through  the 
brainstems  at  the  level  of  the  AP  at  50  /am.  Photomicro¬ 
graphs  of  the  AP  and  representative  lesions  are  presented  in 
Fig.  2. 

Rt'.siilt.s  and  Discussion 

Average  conditioning  day  sucrose  intake  for  the  sham- 
operated  control  rats  was  2I.57±I.I2  ml  (mean  *  standard 
error)  while  for  the  rats  with  AP  lesions  it  was  25. 1.7 1 2. 18 
ml.  This  difference  was  not  significant,  t  1.47.  />  >0.10. 
possibly  because  of  the  short  drinking  period  and  because 
water  was  also  available,  so  that  the  rats,  which  typically 
display  ncophobia  to  the  presentation  of  a  novel  stimulus, 
were  not  restricted  to  drinking  the  more  palatable,  but  novel, 
sucrose  CS. 

The  results  for  the  acquisition  of  a  C  I  A  are  presented  as 
preference  scores,  sucrose  intake  divided  by  total  fluid  in¬ 
take.  and  summarized  in  Fig.  7.  Injection  of  All  produced  a 
reduced  sucrose  preference  in  sham-operated  control  rats 
but  had  no  effect  in  rat s  w  ith  lesions  of  the  AP.  The  response 
to  injection  of  All  of  the  rats  w  ith  AP  lesions  was  similar  to 
that  of  unoperated  controls  injected  with  isotonic  saline. 
Analysis  of  the  data  for  the  All-treated  animals  using  a 
mixed  two-way  analysis  of  variance  showed  that  the  main 
effect  for  surgery  for  the  comparison  between  the  rats  w  ith 
AP  lesions  and  sham-operated  controls  was  not  significant. 
1(1.28)  1.72./'  -0.10.  In  contrast,  (he  main  effect  for  the 
comparison  between  the  conditioning  and  test  days  was  sig¬ 
nificant.  Fll.28)  6.28./'  ().()5,  indicating  that  there  was  a 
significant  change  in  preference  score  on  the  test  day  in  re¬ 
sponse  to  treatment  with  All.  The  significant  surgery  hy  day 
interaction.  F(l. 28)  6.54,/'-  0.05.  would  indicate  that  the 
rats  with  AP  lesions  responded  to  All  differently  than  did  the 
control  rats. 

Histological  examination  of  the  brains  of  the  operated  rats 
showed  that  all  rats  had  complete  destruction  of  the  AP.  The 
extent  of  the  lesions  ranged  from  small  lesions  that  were 
restricted  to  the  AP  itself  (Fig  20  to  larger  lesions  that 
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AP  Lesion  SHAM 
(n=8)  |n=6) 

FIG.  5  Effects  of  injection  of  All  in  cats  wiih  lesions  of  the  AP  and 
in  sham-operated  controls.  Error  bars  indicate  the  standard  error  of 
the  mean. 


included  parts  of  the  nucleus  of  the  solitary  tract  (Fig.  2B). 
There  was  no  apparent  correlation  between  the  extent  of  the 
lesion  and  the  disruption  of  the  All-induced  reduction  in 
sucrose  preference. 

These  results  indicate  that  injection  of  All  in  rats  does 
have  a  slight,  but  significant,  effect  on  sucrose  preference 
when  the  behavioral  response  utilizes  the  more  sensitive 
two-bottle  procedure.  While  injection  of  All  in  the  rat  does 
not  produce  an  aversion  to  the  CS.  in  the  sense  that  the  rats 
actively  avoided  the  CS  by  ingesting  more  water  than  su¬ 
crose.  there  was  a  consistent  decrease  in  sucrose  preference 
across  all  subjects.  An  analysis  of  individual  preference 
scores  of  the  sham-operated  rats  indicates  that  w  hile  only  3 
of  the  15  sham-operated  rats  showed  an  active  aversion  to 
the  sucrose,  an  additional  ft  rats  showed  a  decrease  in  su¬ 
crose  preference  compared  to  their  conditioning  day  scores. 
Since  this  reduction  in  preference  was  not  observed  in  rats 
with  AP  lesions,  the  AP  must  be  involved  in  the  acquisition 
of  the  response  in  the  intact  animal.  As  such,  the  present 
results  would  be  consistent  with  the  observation  of  All  bind¬ 
ing  sites  in  the  AP  |I2,20|  and  would  indicate  some  limited 
behavioral  responsiveness  of  the  rat  AP  to  exogenously  ad¬ 
ministered  All. 

FXPt  RIMI  NI  i 

As  indicated  above,  the  observation  of  an  All-induced 
CTA  in  cats  does  not  necessarily  mean  that  the  acquisition  of 
this  response  is  mediated  by  the  AP  even  though  neurons  in 
the  APof  the  cat  are  sensitive  to  exogenously  administered 
All  14.191.  If  the  AP  of  the  cat  mediates  All-induced  C  I  A 
learning,  it  should  be  possible  to  disrupt  the  acquisition  of  a 
CTA  by  producing  lesions  of  the  AP. 

Subjects 

The  subjects  were  14  cats  weighing  between  3.2-4. X  kg. 
They  were  maintained  in  individual  cages  with  food  and 
water  continually  available  except  as  required  by  the  exper¬ 
imental  protocol. 


Methods 

Lesions  were  made  in  the  AP  of  8  cats  using  the  proce¬ 
dures  detailed  by  Borison  and  his  coworkers  (2.  22.  2.7). 
Briefly,  the  cats  were  anesthetized  with  halothane  and  the 
AP  exposed  and  cauterized  under  direct  visual  control.  For 
the  control  cats,  the  AP  was  exposed,  but  not  cauterized.  All 
cats  were  given  a  minimum  of  2-3  months  to  recover  from 
the  effects  of  the  surgery  before  beginning  the  next  phase  of 
the  experiment.  The  behavioral  testing  was  identical  to  that 
described  for  Experiment  1 .  except  that  for  some  eats  the  C'S 
was  chocolate  milk  while  for  other  cats  the  CS  was  a  l( Yl 
sucrose  solution.  As  before,  aversions  were  produced  by 
injections  of  All,  I  mg/kg.  IP. 

At  the  conclusion  of  the  experiment,  the  cats  were  sac¬ 
rificed  with  T-61  and  perfused  intracardially  with  isotonic- 
saline  and  Itr;  formalin  saline.  Sections  were  cut  through  the 
brainstem  at  50  /am  at  the  level  of  the  AP  and  stained  with 
thionin.  Representative  photomicrographs  are  presented  in 
Eig.  4. 

Results  mill  Discussion 

Average  conditioning  day  CS  intake  was  74.25*.  Its. .3.3  ml 
(mean  t  standard  error)  for  the  cats  with  AP  lesions  while  the 
control  cats  showed  an  average  intake  of  47.50+  17.01  ml. 
Although  there  is  the  suggestion  that  cats  with  AP  lesions 
show  increased  intake  of  a  palatable  CS.  as  reported  for  rats 
using  similar  procedures  |K|.  the  difference  in  CS  intake 
between  control  and  lesion  cats  was  no!  significant.  /  -  I  19. 
/>  0.10.  probably  as  a  result  of  the  large  individual  variabil¬ 
ity. 

The  results  of  AP  lesions  on  the  acquisition  of  a  CTA  are 
summarized  in  Fig.  5.  Injection  of  All  in  cats  w  ith  lesions  of 
the  AP  produced  a  slight,  hut  nonsignificant,  t- 0.76. 
/>  0.10.  decrease  in  sucrose  intake  relative  to  their  condi¬ 
tioning  day  baseline  intake.  In  contrast,  injection  of  All  in 
sham  operated  control  cats  produced  a  significant  decrease 
in  lest  day  sucrose  intake  compared  to  the  operated  cats. 
/  2.58.  />-  (). 05.  These  results,  therefore,  support  the  hy¬ 
pothesis  that  the  acquisition  of  an  All-induced  CTA  in  cats  is 
mediated  by  the  AP. 

Histological  examination  of  the  brains  of  the  operated 
cats  showed  that  the  lesions  tended  to  be  somewhat  variable 
in  extent.  These  ranged  from  small  lesions  which  were  re¬ 
stricted  to  the  AP  and  which  may  have  left  small  amounts  of 
AP  tissue  intact  to  large  lesions  which  included  portions  of 
the  nucleus  of  the  solitary  tract  and  the  dorsal  motor  nucleus 
of  the  vagus.  There  was  no  apparent  relationship  between 
the  extent  of  the  lesion  bey  ond  the  AP  and  the  effects  of  the 
lesion  on  behavior  since  the  smallest  lesion  was  sufficient  to 
produce  a  complete  disruption  of  the  All-induced  C'TA. 

(.1  M  KM  DISCI  SSION 

As  indicated  above,  the  AP  is  a  critical  component  of  the 
neural  sy  stem  leading  to  the  acquisition  of  a  C'TA  for  one- 
class  of  unconditioned  stimuli  |l.  14.  16.  17,  18|.  As  such,  it 
might  be  predicted  that  any  classes  of  stimuli  that  affect  the 
AP  would  result  in  the  acquisition  of  a  C  I  A.  I  he  results  of 
the  present  experiments  support  that  prediction. 

The  APof  the  cat  is  responsive  to  treatment  with  exoge¬ 
nous  All.  both  in  terms  of  its  electrophy analogical  charac¬ 
teristics  |4]  and  in  terms  of  mediating  the  behavioral  respon 
sivencss  of  the  organism  |  !9|.  Concordant  w  ith  this  previous 
research  is  the  present  observation  that  treating  cats  with 
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All  produces  a  CTA  which  is  dependenl  upon  [he  integrity  of 
the  AP.  In  rats,  to  the  contrary,  the  AP  is  not  sensitive  to 
exogenously  administered  All  |5|.  despite  the  reported  pres¬ 
ence  of  Ail  binding  sites  1 1 2 .20 1 .  Concordant  with  these  find¬ 
ings  is  the  present  observation  that  that  treatment  with  All 
does  not  produce  a  reliable  CTA  in  the  rat.  However,  as 
might  be  expected  given  the  observation  of  All  binding  sites 
in  the  rat  AP,  injection  of  All  does  cause  some  reduction  in 
sucrose  preference,  but  only  when  the  more  sensitive  two- 
bottle  procedure  is  utilized. 

Another  possibility,  given  the  observation  of  All  binding 
sites  in  the  rat  AP  1 12.20).  may  be  that  the  physiological 
response  produced  by  All  in  the  rat  AP  is  not  the  response 
necessary  to  produce  CT  A  learning.  I  he  AP  has  other  func¬ 
tions  |fi.| in  addition  to  its  role  as  the  chemoreceptive  trig¬ 
ger  zone  for  emesis  |1|.  It  is  possible,  therefore,  that  the 
effects  of  All  on  the  rat  AP  may  be  related  to  these  other 
functions  and  not  to  its  role  in  monitoring  the  blood  and 
cerebrospinal  fluid  for  potential  toxins.  However,  this  in¬ 
terpretation  would  not  be  consistent  with  the  observation  of 


a  reduction  in  sucrose  preference  in  control  rats  tested  using 
a  two-bottle  procedure.  Because  of  this  observation,  the 
present  results  would  be  most  consistent  with  the  hy  pothesis 
that  All  exerts  qualitatively  similar  effects  on  both  the  rat 
and  the  cat  AP.  but  that  there  are  species  differences  in  the 
sensitivity  of  the  AP  to  All  which  in  turn  results  in  the  ac¬ 
quisition  of  a  CTA  in  cats  hut  not  in  rats. 

Overall,  the  present  results  which  show  a  clear  species 
difference  in  the  capacity  of  All  to  produce  CTA  learning  in 
cats  and  rats,  are  consistent  with  the  hy  pothesis  of  a  rela¬ 
tionship  between  the  sensitivity  of  the  AP  to  a  given  com¬ 
pound  and  the  capacity  of  that  compound  to  produce  a  CTA. 
As  such,  these  results  would  support  the  hypothesis  that 
excitation  of  the  AP  constitutes  a  sufficient  condition  for  the 
acquisition  of  a  CTA. 
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RABIN.  B.  M  .  \V  A  HUNT  AND  J.  ITT',  i.ttet  Is  < >1  aria  poslremti  lesions  on  taste  aversions  pmilaeeJ  by  treatment 
mill  \\l<-;?:i  in  th,  nil.  NliCROBf  H.AV  IOXICOI  ll-RATOI.  8(11  83-87.  1986.— The  conditioned  taste  aversion 
procedure  w  as  used  lo  further  assess  some  hehav  mral  effects  of  treatment  with  the  putative  radioprotectant  WR-2721  and 
the  role  of  the  area  postrema  in  mediating  the  Behavioral  effects  of  treatment.  Treatment  with  40.  150  or  300  mg  kg  WR-272 1 
produced  dose-dependent  changes  in  sucrose  intake  in  Both  control  rats  and  rats  with  area  postrema  lesions,  the  effective 
ness  of  the  lesion  in  disrupting  the  acquisition  of  an  aversion  caned  as  a  function  of  the  dose  administered,  w  ith  the  lesions 
producing  the  greatest  disruption  ol  aversion  learning  at  the  lowest  dose  and  little  disruption  at  the  highest  dose  tested.  At 
all  dose  levels,  sucrose  intake  was  greater  tot  the  rats  with  area  postrema  lesions  than  for  the  sham-operated  control  rats. 

1  reatment  w  uh  WR  ;’2 1  also  produced  significant  decreases  in  total  fluid  intake,  particularly  at  the  higher  dose  levels.  The 
results  ate  discussed  as  indicating  that  treatment  with  WR  2721  produces  highly  toxic  effects  on  Behavior  and  that  the  use 
of  the  compound  as  a  radiopioiectatu  lot  radiotherapy  requires  additional  assessment  of  its  effects  on  Brain  function  and 
Behavior. 


Conditioned  taste  aversion 


Area  postreiim  Kadioprotection 


Behavior 


USING  ;t  variety  of  physiological  endpoints,  the  compound 
WR-272 1  |  S-2-(3-aminoprop> laminotethy  Iphosphorolhioie 

acid]  al  doses  ranging  Between  20(1  mg  kg  lo  400  mg  kg  has 
Been  reported  to  provide  significant  protection  against  phys¬ 
iological  damage  caused  By  exposure  to  ioni/.ing  radiation 
(e  g..  1 10.  18.  20,  21 1>.  Despite  this,  there  has  Been  relatively 
little  research  on  the  Behavioral  effects  of  treat  nent  with 
W  R-272  I .  I  hese  studies  do.  however,  indicate  that  the  com¬ 
pound  is  highly  toxic,  causing  a  conditioned  taste  aversion 
id  At  in  rats  ( 7 1 .  and  nausea  and  vomiting  in  human  patients 
|4.S|  iit  doses  of  less  than  15  mg  kg.  well  Below  those  re¬ 
quired  for  therapeutic  radioprotection.  These  toxic  Behav¬ 
ioral  side-effects  could  function  to  limit  the  usefulness  of 
WR-2721  its  it  therapeutic  radioprotectant  By  causing  in¬ 
creased  Behavioral  distress  in  those  receiving  (he  compound 
which  could,  in  turn,  result  in  decreased  tolerance  to  proce¬ 
dures  utilizing  continued  treatment.  Behavioral  studies  of 
WR-2721  are  therefore  a  necessary  component  for  the 
evaluation  of  this  compound. 

I  he  (  I  A  procedure  has  Been  increasingly  used  as  a 
means  of  assessing  a  variety  of  compounds  for  potentially 
toxic  effects  on  Behavior  (e  g..  |1.  9.  12.  I4|).  A  CTA  is 
produced  when  a  normally  preferred  stimulus,  such  as  sac¬ 
charin  or  sucrose,  is  paired  with  a  toxic  unconditioned 
stimulus,  such  as  lithium  chloride  or  ionizing  radiation,  re¬ 
sulting  in  the  avoidance  of  the  conditioned  stimulus  on  a 
subsequent  presentation  |ll|. 


fixing  the  procedure  Cairnie  |7|  has  reported  a  dose- 
dependent  decrease  in  saccharin  intake  in  rats  following  re¬ 
peated  treatment  with  WR-2721  at  doses  of  40  mg, kg  and  2(H) 
mg  kg.  But  not  at  8  mg  kg.  Additionally  .  combining  injections 
of  WR-2721  with  exposure  to  non-lethal  levels  of  ionizing 
radiation  produced  a  stronger  CT  A  than  was  produced  By 
either  treatment  alone  T  hese  findings  suggest  that,  in  terms 
of  its  effects  on  behavior  tit  least.  WR-2721  administered 
prior  to  radiation  exposure  provides  no  protection  for  the 
organism.  But  rather  that  its  use  may  actually  increase  the 
toxic  effects  of  radiation  on  behavior. 

Previous  research  has  shown  that  destruction  of  the  area 
postrema  (AIM.  the  chemoreceptive  trigger  zone  that  func¬ 
tions  to  monitor  the  Blood  and  cerebrospinal  fluid  for  toxins 
1 5 1 .  can  disrupt  CT  A  learning  following  exposure  to  ionizing 
radiation  or  treatment  with  toxic  chemicals  1 15.  16.  |9|.  f.e- 
sions  of  the  AH  similarly  disrupt  emetic  responses  follow  ing 
injection  of  toxic  drugs  |3.I3|.  and  following  exposure  to 
ionizing  radiation  in  monkeys  |6|.  Because  treatment  with 
WR-2721  produces  some  effects  on  Behavior  that  are  similar 
lo  those  produced  By  radiation  and  By  treatment  with  toxic 
drugs,  and  Because  treatment  with  WR-2721  has  additive 
effects  when  combined  with  irradiation,  similar  mechanisms 
involving  the  AH  may  mediate  the  behavioral  effects  of  Both 
radiation  and  treatment  with  WR-2721.  If  WR-2721  does 
produce  CT  A  learning  and  emesis  By  interacting  with  the 
AH.  this  could  mean  that  W'R-2721  does  not  provide  behav- 
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H(i  I  Representative  samples  of  I  ho  brainstem  of  the  lal  at  the  level  ot  the  area  postrema  A 
Section  from  the  brainstem  of  a  sham -opera toil  control  showing  the  area  postrema  (arrow  i 
R.(\  f  .xamples  ot  lesions  of  the  area  postrema. 
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I  Hi  2  Idleels  of  treatment  with  three  doses  of  WR-272 1  on  sucrose 
intake  of  r.ils  with  lesions  of  Ihe  area  postrema  r triangles)  anj 
sham-operated  controls  leircles).  A  single  injection  of  the  Jrug  was 
aJnmustereJ  altet  ingestion  of  the  sucrose  solution  on  the  condition- 
mg  day  Vaiianee  h.us  indicate  the  standard  error  ot  the  mean 


total  radioprotection  and  (hat  treatment  with  WR-272 1  might 
generally  potentiate  some  of  the  to\ic  effects  of  exposure  to 
ionizing  radiation  on  behavior,  thereby  limiting  its  usefulness 
.is  a  therapeutic  radioprotectant.  Ihe  present  experiment, 
therefore,  was  designed  to  evaluate  the  effects  of  a  single 
treatment  w  ith  different  doses  of  WR-272 1  on  the  acquisition 
of  a  C  l  A  and  to  determine  w  hether  or  not  lesions  of  the  AP 
would  ameliorate  the  toxic  effects  of  the  treatment. 

xtt  l  111  It) 

.Sir/iji  i  f\ 

Ihe  subjects  were  54  male  Sprague  Daw  ley  rats,  weigh¬ 
ing  5(K)-400g  at  the  start  of  Ihe  experiment.  I  he  were  housed 
in  individual  cages  m  a  room  with  a  12:12  light :durh  cycle, 
food  and  water  were  continually  available  excent  as  re¬ 
quired  by  the  experimental  protocol. 

/Voi  t  tlnfr\ 

Histologically  confirmed  lesions  were  placed  in  the  A  I’  of 
21  rats  using  procedures  described  previously  |lb|.  Briefly, 
the  rats  were  anesthetized  with  a  combination  of  sodium 
pentobarbital  1 2 1  mg  kg.  IP)  and  ketamine  (120  mgkg.  IP), 
the  brain  stem  exposed  and  the  AP  cauterized  under  direct 
visual  control  An  additional  18  rats  in  which  the  AP  was 


exposed,  but  not  cauterized,  served  as  sham-operated  con¬ 
trols.  After  surgery  Ihe  rats  were  given  a  prophylactic  injec¬ 
tion  of  hicillin  (60.000  units)  and  allowed  to  recover  for  4-4 
weeks. 

following  recovery,  the  rats  were  placed  on  a  24.5  hr 
water  deprivation  schedule  for  10  clay s  during  which  water 
was  available  for  40  min  a  day  during  Ihe  early  light  part  of 
the  diurnal  cycle.  On  the  conditioning  day  (day  101.  the  rats 
were  presented  with  two  calibrated  drinking  tubes,  one  con¬ 
taining  a  10 f/  sucrose  solution  and  the  other  containing  tap 
water,  and  Ihe  intake  of  each  recorded.  Any  rat  w  hich  did 
not  show  a  greater  sucrose  intake  than  water  intake  was 
eliminated  from  the  study.  Immediately  after  the  drinking 
period,  the  rats  were  given  one  of  three  doses  of  WR-272 1  40 
mg.  kg.  150  mg/kg  or  500  mg/kg  administered  as  a  single  in- 
traperitoneal  injection.  Seven  rats  with  AP  lesions  and  6  con¬ 
trol  tats  received  each  dose.  They  were  the1  returned  to 
their  home  cages  for  48  hr.  Three  test  days  wi  un  on  day  s 
12.  16  and  17  in  order  to  get  a  measure  of  the  intensity  and 
duration  of  the  WR-272 1 -elicited  response.  On  the  interven¬ 
ing  days,  the  rats  were  given  the  standard  50  min  access  to 
w  ater. 

Ilist'il,  ig  v 

At  ihe  conclusion  of  the  experiment,  the  rats  were  sac¬ 
rificed  with  an  overdose  of  pentobarbital  (50  mg/kg.  IP)  and 
perfused  with  isotonic  saline  followed  by  100  formalin 
saline.  The  brains  were  removed  and  fixed  in  formalin  saline. 
Serial  sections  were  cut  through  Ihe  brainstem  at  50  gun  and 
stained  with  thionin.  f  igure  I  presents  photomicrographs  of 
the  brainstem  of  rats  showing  the  AP  and  representative  le¬ 
sions. 

hi  si  t  is 

A  single  dose  of  WR-272 1  induced  a  dose-dependent  re¬ 
duction  of  sucrose  intake  in  both  the  rats  with  AP  lesions  and 
the  control  rats  (fig.  2).  for  the  sham-operated  controls,  a 
single  injection  produced  significant  decreases  in  sucrose  in¬ 
take  at  all  three  dose  levels,  although  some  recovery  in  in¬ 
take  was  apparent  in  Ihe  rats  given  the  40  mgkg  dose  by  the 
third  test  day.  AP  lesions  prevented  ihe  WR-272 1  -induced 
decrease  in  sucrose  intake  only  with  Ihe  rats  given  40  mg  kg. 
the  lowest  dose  tested.  At  150  mgkg  there  was  an  initial 
decrease  in  sucrose  intake  which  returned  to  the  level  of 
intake  observed  on  the  conditioning  day  by  the  third  test 
day.  while  500  mg  kg  of  WR-272 1  produced  a  severe  de¬ 
crease  in  sucrose  intake  which  showed  little  recovery  over 
the  5  test  days. 

Statistical  analysis  of  the  data  using  a  5-way  analysis  of 
variance  with  one  repeated  factor  showed  that  the  main  ef¬ 
fects  for  the  comparisons  between  the  rats  with  AP  lesions 
and  controls.  R  1.5.4)  44.40.  p  0.001  for  dose, 
1(2.55)  7.52.  p  0.01.  and  for  days.  R5.44I  “47. .44. 
p-  0.001.  were  all  highly  significant.  This  would  indicate  that 
there  were  consistent  significant  differences  between  Ihe 
control  rats  and  the  rats  with  AP  lesions,  (hat  the  5  doses  of 
WR-272  I  had  different  effects  on  behav  ior,  and  that  there 
were  consistent  differences  in  sucrose  intake  between  the 
conditioning  and  lest  days  In  addition,  the  significant  dose 
bv  lesion  interaction.  1  (2.55)  5.88, p  0.05.  would  indicate 
that  ihe  effectiveness  of  the  lesion  in  disrupting  the  acquisi¬ 
tion  of  a  C  I  A  varied  as  a  function  of  the  dose  of  WR  2721 
that  was  administered  Similarly  .  Ihe  significant  day  by  dose. 
1(6.44)  ||  15.  p  0.00 1 ,  and  day  bv  lesion.  R5.44)  6.80. 
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CONDITIONING  TEST  1  TEST  2  TEST  3 

MG.  3 .  p  fleets  of  treatment  wilh  WR-2721  on  total  fluid  intake 
(sucrose  plus  water).  Variance  bars  indicate  the  standard  error. 


/>  0.001.  interactions  would  indicate  that  both  the  dose  of 
WR-2721  and  the  presence  of  an  AP  lesion  affected  the  re¬ 
sponse  of  the  animal  to  the  sucrose  solution  across  the  4  days 
of  the  experiment.  The  triple  interaction.  b(6.99)  -  2.03. 
/>  -0.05  was  not  significant. 

f  igure  3  summarizes  the  effects  of  injection  of  WR-2721 
on  total  fluid  intake  (water  plus  sucrose  solution).  Transient 
decreases  in  fluid  intake  were  observed  in  control  rats  given 
either  the  40  mg/kg  or  150  mg/kg  dose  of  WR-2721.  w  hile  a 
more  permanent  decrease  in  fluid  intake  was  observed  in  the 
rats  given  5(H)  mg/kg.  Lesions  of  the  AP  attenuated  this 
treatment-induced  decrease  in  fluid  intake  at  the  lower  two 
doses,  but  had  only  a  slight  protective  effect  after  (he  highest 
dose  of  WR-2721.  A  comparison  of  big.  3  with  big.  2  indi¬ 
cates  that  the  decrease  in  fluid  intake  resulted  from  the  fact 
that  the  animals,  particularly  at  the  higher  doses,  did  not 
compensate  for  the  reduced  sucrose  solution  intake  by  in¬ 
creasing  their  intake  of  tap  water  to  the  preconditioning  day 
average  of  22.00*0.71  ml.  In  this  regard,  it  might  be  noted 
that  1  control  rats  that  received  300  mg/kg  died  prior  to  the 
second  test  day  without  having  shown  any  fluid  intake  after 
the  conditioning  day  and  had  to  be  excluded  from  the  study. 
This  total  lack  of  fluid  intake  following  treatment  with  WR- 
2721  was  not  observed  in  any  rat  having  histologically  con¬ 
firmed  lesions  of  the  AP. 

I  he  statistical  analysis  of  the  data  on  fluid  intake  using  a 
3- way  analysis  of  variance  with  one  repeated  factor  showed 
that  the  main  effects  for  dose.  b( 2.33 )  X.  lb.  />•  0.01.  for 
lesion,  bl  1.33)  12. 4X.  />•  0.01.  and  for  day.  b(3.99)  27.94. 


/>< 0.001,  were  all  highly  significant,  indicating  that  all  three 
of  these  factors  were  consistently  involved  in  determining 
the  fluid  intake  of  the  animal  following  treatment  with  WR- 
2721.  Unlike  the  data  for  sucrose  intake,  the  dose  by  lesion 
interaction  was  not  significant.  b(2.33) -- 0.41 .  p  -0.10,  indi¬ 
cating  that  changes  in  fluid  intake  were  consistently  ob¬ 
served  in  all  groups  of  animals,  both  control  and  lesion.  The 
significant  day  by  dose  interaction.  b(3.99)  9  X9.  />■  0.001 
would  indicate  that  the  pattern  of  drinking  across  days  was 
different  for  the  three  tested  doses,  while  the  significant  day 
by  lesion  interaction,  bl 3.99)  —  3.79,  />•  0.05,  would  indicate 
that  the  rats  with  AP  lesions  showed  a  different  pattern  of 
fluid  intake  across  days  than  the  sham-operated  controls 

DISCUSSION 

The  results  of  the  present  experiment  show  that  a  single 
injection  of  WR-2721  at  doses  of  40  mg/kg.  150  mg  kg  or  300 
mg/kg  can  consistently  produce  a  CTA  in  a  dose-dependent 
manner.  However,  in  the  intact  rais  there  was  no  difference 
between  the  150  mg'kg  and  300  mg/kg  doses  because  of  a 
floor  effect,  with  both  groups  showing  a  nearly  total 
avoidance  of  the  sucrose.  As  such  these  results  are  consis¬ 
tent  with  the  view  that  WR-272'  is  a  highly  toxic  compound 
that  can  have  a  variety  of  effects  on  behavior  |4.  7.  X] 

The  effects  of  treatment  with  WR-2721  on  fluid  intake 
were  not  predicted.  While  a  transient  decrease  in  total  fluid 
intake  below  the  level  of  the  preconditioning  day  water  in¬ 
take  was  first  observed  in  the  intact  rats  treated  with  150 
mg'kg.  a  more  severe  and  prolonged  decrease  in  fluid  intake 
was  observed  in  the  rats  given  300  mg, kg  WR-2721.  I  his 
reduction  in  fluid  intake  involved  the  avoidance  of  both  su¬ 
crose  solution,  the  conditioned  stimulus,  and  tap  water.  Be¬ 
cause  it  is  not  a  novel  stimulus,  it  is  extremely  difficult  to 
establish  a  learned  aversion  to  lap  water.  As  such,  il  is  likely 
that  the  reduction  in  fluid  intake  represents  a  direct  toxic 
effect  of  the  drug  on  the  mechanisms  regulating  water  intake, 
perhaps  at  the  level  of  the  kidney.  Consistent  with  this  hy 
pothesis  is  the  observation  that  the  kidneys  take  up  and  re¬ 
tain  the  largest  amounts  of  radiolabelled  WR-2721  1 1 X | . 

In  contrast  to  the  results  with  intact  rats,  the  results  from 
the  rats  with  AP  lesions  were  not  completely  as  predicted 
While  at  every  dose  level  rats  with  AP  lesions  did  show  a 
significantly  weaker  CTA.  il  was  only  at  the  lowest  dose.  40 
mg  kg.  that  the  lesions  produced  the  complete  disruption  of 
CI  A  learning  that  has  been  observed  with  treatment  with 
other  toxins  and  with  ionizing  radiation  1 15.  |b.  |9|.  \i  (he 
intermediate  dose.  150  mg  kg.  the  rats  acquired  a  Cl  A.  bill 
showed  a  rapid  extinction  of  the  response,  indicating  that  the 
AP  lesions  provided  some  protection  from  the  toxic  effects 
of  the  drug.  The  data  from  these  two  doses  would  be  consis¬ 
tent  with  the  hypothesis  that  the  AP  plays  a  role  in  mediating 
the  toxic  behavioral  effects  of  WR-2721  leading  to  the  acqui¬ 
sition  of  a  C  I  A  It  is  not  certain  how  ihe  observation  of  a 
severe  and  long-lasting  CTA  in  the  rats  with  AP  lesions 
treated  with  3(H)  mg  kg  WR-2721  fits  into  this  hypothesis, 
although  the  data  do  indicate  that  the  rats  w  uh  AP  lesions  did 
show  a  reduced  CIA  compared  to  the  sham-operated  con¬ 
trols.  Under  normal  conditions,  the  AP  functions  to  limit  ihe 
intake  and  or  absorption  of  toxic  substances  by  initiating 
either  the  acquisition  of  a  CI  A  or  an  emetic  response  [  1 7 1 
following  ingestion  of  much  smaller  quantities  of  a  toxic 
substance  than  can  be  provided  undei  experimental  condi¬ 
tions.  It  may  be  that  the  toxicity  ol  this  dose  of  WR-272  I  is 
so  great  as  to  completely  overwhelm  the  system  thal  nor- 
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mallv  functions  to  protect  the  organism.  Some  data  consis¬ 
tent  with  this  hypothesis  is  provided  by  the  data  on  fluid 
intake  from  the  present  experiment  which  showed  that  (he 
larger  doses  of  WR-2721  produced  significant  decreases  in 
water  intake  in  addition  to  the  decreased  sucrose  intake. 
Also  consistent  with  this  interpretation  is  the  observation  by 
Rauschenberger  (cited  in  |2J)  who  reported  that  while  lesions 
of  the  AP  disrupted  t’TA  learning  to  copper  sulfate  at  5 
mg  kg.  these  lesions  were  not  effective  when  the  dose  was 
increased  to  50  mg  kg. 

Overall,  the  present  data  are  consistent  with  those  of 
C'airnic  |7|  who  reported  that  repeated  treatment  with  40 
mg  kg  and  200  mg  kg  WR-2721  resulted  in  the  acquisition  of  a 
(  I  A  in  rats  As  such,  the  results  of  the  studies  using  the 
CIA  procedure  would  be  consistent  with  the  limited  clinical 
data  which  indicates  that  treatment  of  human  volunteers 
with  doses  of  WR  2721  of  less  than  15  mg  kg  produces 
nausea  and  emesis  |4,8|.  The  present  results  indicate  that  (he 
mechanism  by  which  WR-2721  exerts  these  effects  on  behav¬ 
ior.  at  least  at  low  and  intermediate  doses,  involves  the 
mediation  of  the  AP.  Since  the  C  I  A  learning  and  the  emesis 
seen  following  exposure  to  non-lethal  levels  of  ionizing 
radiation  depend  upon  the  integrity  of  the  AP  1 15.16).  the 
present  data  indicating  that  the  AP  also  mediates  the  toxic 
effects  of  WR-2721  on  behavior  would  be  consistent  with  the 
observation  of  additive  effects  when  treatment  with  WR- 
2^21  is  combined  with  exposure  to  ionizing  radiation  |7).  The 


present  data  would  suggest  that  the  additive  effects  of  WR- 
2721  with  ionizing  radiation  derive  from  the  common  in¬ 
volvement  of  the  AP  in  mediating  the  behavioral  responses 
following  their  use.  The  implication  of  this  finding  is  that, 
whatever  the  radioprotectant  effects  ot  WR-2721  on  physi¬ 
ological  systems  within  the  organism,  treatment  with  W'R- 
2721  prior  to  exposure  to  ionizing  radiation  will  not  provide 
protection  against  the  behavioral  effects  of  irradiation,  but 
may  instead  function  to  intensify  the  toxic  effects  of  exposure 
to  ionizing  radiation  on  behavior.  While  the  present  results 
would  suggest  a  limited  usefulness  for  pretreatment  with 
WR-2721  in  radiotherapy  because  of  the  possible  potentia¬ 
tion  of  behavioral  side-effects  of  the  treatment,  more 
neurobehavior al  toxicological  research  is  needed,  particu¬ 
larly  at  doses  within  the  therapeutic  range  of  200  mg  kg  to 
400  mg  kg.  to  further  assess  the  toxic  effects  of  WR-2721  on 
the  brain  and  on  behavior. 
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The  following  information  concerning  U.S.  nuclear  weapon  accidents  has  been 
collected  from  materials  released  by  the  Department  of  Defense  (DoD)  in  1977, 
1980,  and  1981,  and  also  from  several  media  references.  This  publication  is 
intended  to  be  a  source  document  in  the  course  "Medical  Effects  of  Nuclear 
Weapons,"  which  is  sponsored  by  the  Armed  Forces  Radiobiologv  Research 
Institute. 

The  United  States  has  never  had  an  inadvertent  nuclear  detonation,  even  a  partial 
one,  despite  the  very  severe  stresses  imposed  on  the  weapons  that  might  be 
involved  in  accidents.  All  "detonations"  reported  in  the  DoD  summaries  involved 
only  conventional  high  explosives.  Only  two  accidents,  those  at  Palomares  and 
Thule,  resulted  in  widespread  dispersal  of  nuclear  materials. 

Nuclear  weapons  are  never  carried  on  training  flights.  Most  of  the  aircraft 
accidents  described  here  occurred  during  logistic/ferry  missions  or  airborne  aiert 
flights  by  Strategic  Air  Command  (SAC)  aircraft.  Airborne  alert  was  terminated  in 
1968  because  of 

•  Accidents,  particularly  those  at  Palomares  and  Thule; 

•  The  rising  cost  of  maintaining  a  portion  of  the  SAC  bomber  force 
constantly  on  airborne  alert; 

•  The  advent  of  a  responsive  and  survivable  intercontinental  ballistic 
missile  force,  which  relieved  the  manned  bomber  force  of  a  part  of  its 
more  time-sensitive  responsibilities.  (A  portion  of  the  SAC  force 
remains  on  nuclear  ground  alert.) 

Since  the  location  of  a  nuclear  weapon  is  classified  defense  information,  it  is  DoD 
policy,  normally,  to  neither  confirm  nor  deny  the  presence  of  a  nuclear  weapon  at 
any  specific  location.  In  the  case  of  an  accident  involving  a  nuclear  weapon,  the 
weapon's  presence  may  or  may  not  be  divulged  at  the  time,  depending  on  the 
possibility  of  public  hazard  or  alarm.  Therefore,  for  some  of  the  events 
summarized  in  this  publication,  the  presence  of  a  nuclear  weapon  or  material  may 
not  hi  vc  been  confirmed  at  the  time.  Furthermore,  due  to  uiplomatic  considera¬ 
tions,  it  is  not  possible  to  specify  the  locations  of  the  accidents  that  occurred 
overseas,  except  for  Palomares  and  Thule. 

Most  of  the  weapon  systems  involved  in  these  accidents  are  no  longer  in  the  active 
inventory.  Those  include  the  R-29,  B-36,  B-47,  B-r>0,  B-58,  C-124,  F-100,  and  P-5M 
aircrafts  and  the  Minuteman  I  Missile. 

With  some  early  models  of  nuclear  weapons,  it  was  a  standard  safety  procedure 
during  most  operations  to  keep  a  capsule  of  nuclear  material  separate  from  the 
weapon.  Although  a  weapon  with  the  capsule  removed  did  contain  a  quantity  of 
natural  (not  enriched)  uranium  with  an  extremely  low  level  of  radioactivity,  the 
accidental  detonation  of  the  high-explosive  element  would  not  cause  a  nuclear 
detonation  or  contamination.  Modern  designs  incorporate  improved  safety 
features,  to  ensure  that  a  nuclear  explosion  does  not  occur  as  the  result  of  an 
accident. 
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MANAGEMENT  OF  THE  NUCLEAR  WEAPON  STOCKPILE 


The  management  of  nuclear  weapons  is  shared  by  the  Department  of  Energy  (DOE) 
and  DoD.  The  Secretary  of  Energy  and  the  Secretary  of  Defense  are  directly 
responsible  to  the  President,  who  retains  the  sole  authority  for  weapons  employ¬ 
ment.  DOE,  as  successor  of  the  Atomic  Energy  Commission,  is  responsible  for  all 
research,  development,  test,  and  production  of  nuclear  weapons.  DOE  is  the  only 
Government  agency  that  is  authorized  by  statute  to  engage  in  these  activities.  By 
law,  DOE  is  required  also  to  control  and  account  for  all  active  nuclear  material, 
including  the  U.S.  stockpile  of  war-reserve  nuclear  weapons.  These  weapons  have 
been  entrusted  to  DoD  for  employment  readiness  in  case  the  President  orders  their 
use  in  the  interest  of  national  security.  Ownership,  however,  is  retained  by  DOE. 

To  carry  out  these  responsibilities,  the  DOE  organization  includes  a  network  of 
Government-owned  laboratories,  plants,  and  test  sites  in  nine  states,  all  operated 
by  private  industry  or  institutions  under  Government  contract.  There  are  three 
design  and  development  laboratories,  manufacturing  facilities,  and  a  field  test 
capability. 

At  the  policy  level,  DOE's  Division  of  Military  Applications  (DMA)  interfaces  with 
DoD's  Military  Liaison  Committee  (MLC).  DMA  is  DOE's  primary  liaison  with  DoD, 
and  it  provides  major  program  guidance  and  direction  for  weapons  research  and 
development  directly  to  the  weapons  laboratories.  The  Defense  Nuclear  Agency 
(DNA)  provides  some  elements  of  the  DoD  liaison  function  with  DOE.  DNA  is  a 
joint  service  agency  under  the  Joint  Chiefs  of  Staff,  with  headquarters  in 
Washington,  DC,  and  its  operating  unit,  Field  Command,  Defense  Nuclear  Agency, 
located  in  Albuquerque,  New  Mexico. 

The  MLC  Chairman  is  the  Assistant  to  the  Secretary  of  Defense  for  Atomic 
Energy,  and  is  responsible  for  management  and  control  policies  for  all  nuclear 
weapon  functions  within  DoD.  MLC  consists  of  two  senior  officers  from  each 
Service,  with  the  DNA  Director  and  DOE's  DMA  Director  acting  as  observers.  The 
DoD  nuclear  weapon  program  and  requirements  are  provided  to  DOE  through  MLC. 

WEAPON  SAFETY  CONCEPTS 

Since  DOE  designs,  develops,  and  produces  all  nuclear  weapons,  it  is  primarily 
responsible  for  the  safety  features  and  devices  within  the  weapons.  DoD  is 
responsible  for  safe  and  secure  operations  external  to  the  weapon.  Considerable 
overlap  and  interaction  exist,  with  DoD  participating  in  weapon  design  (for 
familiarity  and  to  coordinate  requirements)  and  DOE  assisting  in  the  development 
of  safety  rules  for  operating  the  total  nuclear  weapon  system. 

To  understand  the  philosophy  of  nuclear  weapon  safety,  it  is  important  to  first 
understand  the  basic  nuclear  physics  involved.  Unlike  conventional  explosives  that 
derive  their  sensitive  properties  from  their  basic  chemical  makeup,  a  nuclear 
device  must  be  specifically  designed  to  bring  about  an  explosion.  To  obtain  a 
nuclear  reaction  or  explosion  through  fission,  an  amount  of  active  material 
sufficient  to  produce  a  continuous,  self-sustaining  nuclear  reaction  must  be 
assembled  so  that  a  "supercritical  mass"  can  be  attained.  One  technique  used  to 
achieve  a  supercritical  mass  is  called  "implosion."  In  contrast  to  the  outward  burst 
of  an  explosion,  implosion  is  an  inward  compression.  In  a  nuclear  weapon,  high 
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explosive  surrounds  the  nuclear  material.  A  simultaneous  firing  of  detonators 
mounted  on  the  surface  of  the  high  explosive  produces  a  shock  wave  that 
compresses  the  nuclear  material.  The  important  feature  is  the  simultaneous  firing 
of  the  detonators  and  control  of  the  shock  wave  to  achieve  symmetrical  compres¬ 
sion  of  the  nuclear  material,  and  thus  attain  a  supercritical  mass. 

The  implosion  process  used  to  detonate  a  nuclear  weapon,  by  its  very  nature,  has  a 
built-in  safety  feature.  If  the  high  explosive  detonates  at  any  single  point  for  any 
reason,  including  fire  or  shock  as  a  result  of  an  accident,  there  would  be  no 
symmetrical  implosion.  The  shock  wave  moving  from  a  single  point  on  the 
high-explosive  surface  would  explode  and  destroy  the  device.  This  would  release 
and  perhaps  scatter  the  active  material,  but  would  not  result  in  a  nuclear 
explosion. 

In  our  latest  weapons,  a  new,  insensitive  high  explosive  is  used,  which  is  extremely 
stable  and  will  not  explode  on  impact  or  in  a  fire.  This  will  dramatically  reduce 
the  possibility  of  nuclear  materials  being  scattered  in  an  accident. 

The  current  DOE  safety-design  concept  packages  the  weapon-detonation  subsystem 
into  an  "exclusion  region."  This  feature  follows  a  design  philosophy  intended  to 
prevent  undesired  electrical  energy  from  reaching  the  nuclear  weapon  detonator 
system.  Included  in  this  concept  is  a  series  of  "weak  links"  and  "strong  links"  to 
obtain  predictably  safe  responses  in  abnormal  environments  such  as  fire,  deep 
water,  lightning,  cruising  impacts,  or  impact  from  high-velocity  projectiles.  The 
strong  links  are  open  switches  that  close  only  when  the  proper  signals  are  received. 
The  weak  links  are  elements  vital  to  the  operation  of  the  detonator  system.  These 
links  are  packaged  together  so  that  both  strong  and  weak  links  experience  the  same 
environment.  Safety  is  achieved  in  abnormal  environments  because  the  vital 
components  (weak  links)  are  designed  to  fail  first,  destroying  the  detonator  system, 
before  the  open  switches  (strong  links)  can  possibly  fail  to  a  closed  position. 

Associated  with  the  exclusion  region  concept  is  the  design  of  the  strong  links  to 
respond  only  to  unique  signals.  These  open  switches  will  not  respond  to  the  weapon 
system's  electrical  power  sources,  which  might  become  connected  through  short 
circuits  during  an  accident.  The  unique  signals  required  can  be  generated  by  the 
weapon  system  only  when  intended  by  the  human  operator. 

Nuclear  weapons  also  contain  environment-sensing  devices  that  prevent  firing  of 
the  detonators  unless  the  required  environment  is  experienced.  The  devices  include 
such  items  as 

•  Pullout  cables  that  maintain  an  open  circuit  until  the  cable  is  physically 
pulled  from  the  weapon  upon  release  from  the  aircraft; 

•  Accelerometers  that  maintain  open  circuits  until  they  sense  the  accel¬ 
eration  or  deceleration  for  a  required  period  of  time,  as  would  be 
produced  by  a  rocket  motor  or  a  retarding  parachute; 

•  Barometric  switch  devices  that  remain  open  until  they  sense  the 
pressure  differential  that  is  anticipated  in  desired  release  conditions; 

•  Timers  that  maintain  open  switches  for  a  specific  time  interval  after 
weapon  release; 
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•  Electromechanical  switches  that  remain  open  until  a  positive  action  is 
taken  by  a  human  operator. 

These  safety  features  and  others  are  designed  into  the  weapon  with  stringent 
quality  and  reliability  controls  by  DoD. 

The  DoD  Safety  Program  is  based  on  four  nuclear  safety  standards.  The  standards 
require  that,  in  the  design,  development,  and  employment  of  a  nuclear  weapon 
system,  there  be  positive  measures  to 

•  Prevent  jettisoned  weapons  or  weapons  involved  in  accidents  or  inci¬ 
dents  from  producing  a  nuclear  yield; 

•  Prevent  deliberate  prearming,  arming,  launching,  firing,  or  releasing  of 
nuclear  weapons  except  upon  execution  of  emergency  war  orders  or 
when  directed  by  competent  authority; 

•  Prevent  inadvertent  prearming,  arming,  launching,  firing,  or  releasing 
of  nuclear  weapons; 

•  Ensure  adequate  security  of  nuclear  weapons. 

To  satisfy  these  DoD  nuclear  safety  standards,  the  Safety  Program  addresses 
safety-design  engineering  for  each  nuclear  weapon  system,  its  logistic  and  opera¬ 
tional  environment,  and  the  human  factors  involved  in  the  maintenance  and 
operation  of  the  weapon  system.  The  various  considerations  of  the  program  are 
listed  below  to  give  a  perspective  of  their  relationships  and  a  feeling  for  the  extent 
of  the  Safety  Program.  The  program  considerations  include 

•  Requirements  and  design  guidance  for  safety  considerations  in  nuclear 
weapon  system  development; 

•  Safety  engineering  evaluation  and  formal  certification  before  the 
system  can  be  used  with  a  nuclear  weapon; 

•  Nuclear  safety  analysis  and  certification  of  all  computer  programs 
developed  for  use  in  the  control  of  the  nuclear  weapon  system; 

•  Engineering,  operational,  and  logistic  studies  and  reviews  of  the 
complete  weapon  system  and  its  intended  environment  from  storage  to 
target,  resulting  in  weapon  system  safety  rules  that  prescribe  author¬ 
ized  procedures  and  impose  limitations  for  operation  of  the  nuclear 
weapon  system; 

•  Approved  technical  data  and  maintenance  procedures  that  must  be 
precisely  followed  in  the  operation  or  maintenance  of  the  nuclear 
weapon  system; 

•  Engineering  evaluation  and  safety  certification  of  all  equipment  used  in 
the  maintenance,  movement,  and  operation  of  the  nuclear  weapon 
system; 


•  Reporting  and  analysis  of  accidents,  incidents,  and  deficiencies  that 
involve  the  nuclear  weapon  system,  support  equipment,  and  procedures; 

•  Safing  and  sealing  of  critical  nuclear  weapon  system  switches; 

•  Evaluation  of  all  personnel  associated  with  the  nuclear  weapon  system 
to  ensure  their  emotional  stability  and  proper  security  clearance  before 
being  authorized  access  to  a  nuclear  weapon,  nuclear  weapon  system,  or 
nuclear  command  and  control  facility; 

•  A  "two-man"  or  "no  lone  zone"  concept  around  the  nuclear  weapon  and 
the  nuclear  weapon  system; 

•  An  inspection  system  to  monitor  compliance  not  only  with  the  four  DoD 
safety  standards  but  also  with  all  nuclear  safety  rules  and  technical 
data  in  all  operations  involving  a  nuclear  weapon  or  nuclear  weapon 
system. 

In  addition  to  the  safety  devices  contained  within  the  nuclear  weapon,  the  weapon 
carrier  contains  devices  that  prevent  prearming  or  release  unless  intended. 
Examples  of  these  devices  are 

•  Dual  switches  that  force  two-man  consent  for  both  prearm  and  launch 
(or  release); 

•  Intent  switches  that  prevent  a  prearm  signal  until  manually  closed  by 
the  human  operators; 

•  A  unique  signal  generator,  activated  by  the  prearm  intent  switch,  that 
produces  the  unique  signal  required  by  the  weapon's  strong  links 
described  earlier; 

•  Intent  switches  that  prevent  a  nuclear  weapon  release  signal  until 
manually  closed  by  the  human  operators  (separate  from  the  prearm 
switches); 

•  Arm-inhibit  switches  that  require  a  "good  guidance"  signal  from  the 
missile  guidance  system  before  warhead  arming  can  occur; 

•  In-flight  reversible  mechanical  locks  on  the  weapon  carriage  rack  that 
physically  prevent  weapon  release  until  electrically  activated  by  the 
human  operators; 

•  A  monitor  system  to  provide  the  operator  the  arm/safe  status  of  the 
nuclear  weapon  and  lock/unlock  status  of  the  carriage  rack. 

Devices  such  as  these  prevented  weapon  arming  in  the  Goldsboro  and  Palomares 
accidents.  In  early  bomb  racks  such  as  those  involved  in  the  accidents  at  Kirtland 
Air  Force  Base,  New  Mexico,  and  at  Florence,  South  Carolina,  one  means  to 
prevent  inadvertent  release  was  the  insertion  of  safety  pins  in  the  carriage  rack. 
These  pins  were  removed  during  takeoff  and  landing  to  permit  emergency  jettison. 
When  the  safety  pins  were  removed,  however,  a  single  failure  in  the  rack  could 
cause  an  inadvertent  release  of  the  nuclear  weapon,  as  shown  by  these  accidents. 


A  cockpit-controlled,  in-flight,  reversible  lock  is  now  required  which,  when  locked, 
prevents  inadvertent  weapon  release  even  though  the  normal  release  force  is 
applied.  This  design  allows  safe  takeoff  and  landing  with  the  rack  in  the  locked 
position.  The  device  is  designed  to  fail  to  the  locked  position,  and  also  requires  an 
independent  positioning  of  intent  switches  by  two  crew  members  in  multiplace 
aircraft  before  the  rack  holding  the  weapon  can  be  unlocked. 

RADIOACTIVE  MATERIALS  IN  NUCLEAR  WEAPON  ACCIDENTS 

Nuclear  weapons  contain  three  principal  types  of  radioactive  materials:  plutonium, 
uranium,  and  tritium.  Other  types  of  radioactive  materials  may  also  be  present  in 
lesser  and  varying  amounts,  depending  on  the  type  and  age  of  the  weapon.  For 
accidental  contamination,  the  initial  public  health  risks  and  protective/corrective 
actions  are  the  same  as  those  for  contamination  by  particles  of  plutonium, 
uranium,  and  tritium  (see  below). 

The  risks  to  the  public  from  radioactive  contamination  caused  by  a  nuclear  weapon 
accident  are  not  like  fallout  from  a  nuclear  bomb  blast,  and  are  not  like 
contamination  from  a  major  nuclear  power  plant  accident.  However,  contamina¬ 
tion  from  a  nuclear  weapon  accident  could  be  serious  and  could  require  both 
immediate  and  long-term  protective  and  corrective  cleanup  measures.  The 
potential  harm  to  the  public  and  the  environment  can  be  controlled  best  by  an 
effective  response  to  the  accident  and  by  providing  the  public  with  timely 
information  and  instructions  about  protection  from  contamination. 

Public  instructions  and  appropriate  actions  will  depend  on  the  severity  of  the 
accident,  the  type  of  material  involved,  and  the  length  of  time  between  occurrence 
of  the  accident  and  initiation  of  protective  action. 

ACCIDENT  SEVERITY  FACTORS 

If  nuclear  weapons  are  involved  in  an  accident  and  the  condition  of  the  weapon  is 
not  known,  the  potential  for  contamination  must  be  assumed.  Besides  the 
immediate  response  ar^'md  the  accident  site,  protective  measures  (possible  evacu¬ 
ation)  for  the  general  public  may  be  necessary  within  1  day. 

Instructions  on  basic  protective  measures  should  allow  time  to  respond  to  the 
accident,  to  determine  the  condition  of  the  weapon,  and  to  disseminate  supple¬ 
mentary  information  and  instructions  to  the  public. 

If  damage  to  a  nuclear  weapon  is  known  but  the  weapon  is  still  structurally  intact, 
any  potential  contamination  would  be  limited  to  the  immediate  area  of  the 
accident  site,  and  would  probably  be  of  very  short  duration  (a  few  minutes). 
Keeping  the  public  clear,  of  the  accident  site  and  providing  information  to  relieve 
unwarranted  fears  (prevent  panic)  should  be  sufficient  for  public  protection. 

If  a  nuclear  weapon  accident  results  in  severe  structural  damage  (scattering  of 
small  chunks  of  the  warhead),  fire  (melting  and  burning  of  the  warhead),  or 
detonation  of  the  conventional  (chemical!  high  explosive,  then  more  widespread 
contamination  is  probable  and  larger  scale  protective  actions  will  be  necessary.  In 
this  case,  information  and  instructions  provided  to  the  public  will  depend  on  the 
type  of  radioactive  material  and  the  time  since  the  accident. 


PLUTONIUM 


Contamination  by  plutonium  particles  dispersed  by  conventional  (chemical)  explo¬ 
sion  or  burning  of  a  weapon  would  pose  the  most  serious  health  hazard  to  the 
public,  and  could  impact  the  environment  over  a  wide  area. 

Plutonium  is  both  a  poison  and  a  radiation  hazard.  The  radiation  given  off  consists 
of  "alpha  particles"  (like  very  fast  moving  helium  atoms),  which  do  not  have 
sufficient  energy  to  penetrate  buildings,  most  clothing,  or  even  the  outer  skin. 
Therefore,  short-term  exposure  (up  to  a  few  days)  to  contamination  outside  of  the 
body  will  pose  only  a  small  health  risk. 

Plutonium  radiation  is  considered  a  serious  health  risk  if  small  "dust-like"  pieces 
are  inhaled  or  ingested  and  remain  as  deposits  in  the  body.  Even  a  very  small 
quantity  (equivalent  to  a  single  piece  of  dust)  inside  the  body  could  cause  concern 
as  a  health  risk  over  the  long  term.  No  immediate  "radiation  sickness"  symptoms 
are  expected  from  this  type  of  contamination. 

Unless  it  is  possible  to  immediately  (within  minutes)  evacuate  the  area  around  the 
accident  site  and  several  miles  downwind,  the  best  initial  public  response  will 
probably  be  to  stop  outside  activity,  seek  shelter  in  well-sealed  buildings  (with 
little  or  no  use  of  outside  air  for  heating  or  cooling),  and  delay  evacuation  until  the 
dust  cloud  has  passed  and  particles  have  had  time  to  settle  out  of  the  air.  Besides 
being  medically  sound,  this  procedure  will  reduce  casualties  that  result  from  panic 
and  will  least  affect  the  critical  and  essential  services. 

Any  evacuation  of  the  public  that  does  take  place  must  be  in  a  controlled  manner, 
thereby  reducing  the  risk  of  resuspension  of  the  contaminant  and  the  risk  of 
collateral  injury  to  the  civilian  population.  Any  person  evacuating  an  area  should 
breathe  through  a  filter  (such  as  a  common  dust  mask  or  even  several  layers  of  a 
wet  handkerchief),  and  move  with  care  to  avoid  stirring  up  the  dust.  If  resources 
and  time  permit,  evacuation  should  include  the  use  of  protective  outer  clothing 
that  can  be  cleaned  for  reuse  or  discarded. 

The  best  direction  and  timing  for  travel  can  be  specified  for  population  centers  or 
zones  in  the  area.  Factors  such  as  population  density,  transportation,  and  facilities 
in  the  contaminated  area  must  be  considered  in  deciding  whether  and  when  to  move 
the  public  out  of  an  area. 

Whether  evacuation  is  immediate  or  delayed,  panic  of  the  population  may  result  in 
some  injury,  death,  or  property  damage.  Every  effort  should  be  made  to  state  the 
problem  in  a  way  that  will  inform  the  public,  keep  the  problem  in  context,  and 
avoid  confusion. 

The  determination  of  cleanup  requirements  and  techniques  will  involve  extensive 
surveys  and  coordination  with  experts  in  several  government  agencies  (Federal 
Emergency  Management  Agency,  Environmental  Protection  Agency,  DOE,  DoD, 
etc.).  Cleanup  efforts  may  extend  over  several  months,  and  monitoring  require¬ 
ments  over  several  years. 


URANIUM 


Contamination  by  uranium  fragments  or  small  particles  dispersed  by  a  conventional 
(chemical)  explosion  or  by  the  burning  of  a  weapon  is  primarily  a  chemical  health 
hazard  (heavy  metal  poison  similar  to  the  lead  poisoning  associated  with  some 
paints),  not  a  radiological  hazard.  The  short-term  risk  to  health  occurs  only  if  a 
relatively  large  quantity  of  uranium  is  deposited  inside  the  body  by  inhaling  or 
ingesting  the  dust.  A  short-term  public  hazard  from  radiation  (alpha  particles) 
from  uranium  is  very  unlikely.  Determination  of  any  long-term  radiation  (or 
chemical)  hazard  will  require  detailed  and  extensive  surveys. 

It  is  unlikely  that  uranium  contamination,  even  though  dispersed  over  a  wide  area, 
would  add  significantly  to  the  overall  exposure  that  man  normally  receives  from 
radioactive  materials  found  in  most  environments. 

TRITIUM 

The  radiation  given  off  by  tritium  is  a  low-energy  "beta  particle,"  which  is  stopped 
by  the  outer  layers  of  skin.  Thus  external  exposure  is  not  a  hazard.  Contamination 
by  tritium  gas  would  pose  a  health  hazard  only  in  a  closed  or  confined  space. 
Tritium  released  by  a  weapons  accident  will  dissipate  and  be  diluted  so  rapidly  in 
open  air  that  no  internal  hazard  would  result.  Monitoring  (air  sampling)  of  the 
immediate  site  of  the  accident  is  sufficient  to  assure  prevention  of  exposure  t  j 
accident-response  personnel.  Tritium  from  a  weapons  accident  will  not  affect  the 
public  or  the  environment. 


CLEANUP  AFTER  A  NUCLEAR  WEAPON  ACCIDENT 

An  accident  that  causes  a  nuclear  weapon  to  structurally  break  apart,  burn,  or 
chemically  detonate  will  contaminate  an  area  of  indeterminate  size  with  poten¬ 
tially  hazardous  materials.  These  materials  may  include  plutonium,  uranium,  or 
high  explosive. 

The  cleanup  of  explosive  and  chemical  hazards  will  be  relatively  straightforward, 
but  the  decontamination  of  any  radioactive  materials  will  depend  on  technically 
sophisticated  surveys  and  risk  assessments. 

DETERMINATION  OF  CONTAMINATION  LEVEL 

An  initial  estimate  of  the  size  and  shape  of  the  contaminated  area  and  of  the  level 
of  contamination  within  the  area  can  be  provided  within  a  few  hours  by  computer 
models.  This  information  can  be  used  to  determine  the  actions  necessary  to 
protect  the  public  and  the  scope  of  the  cleanup  problem.  Then  the  determination 
of  actual  cleanup  requirements  and  preferred  techniques  will  depend  on  the 
material  involved,  field  survey  measurements  of  actual  contamination  levels,  and 
careful  assessment  of  any  associated  potential  health  risk. 

Cleanup  requirements  may  be  minimized  if  contamination  levels  are  low,  or  if  the 
contaminating  material  is  trapped  and  therefore  not  a  hazard  to  plants,  animals,  or 
man.  If  contamination  levels  are  high  and/or  the  material  is  a  health  risk  to  man, 
then  cleanup  requirements  may  be  quite  stringent  over  an  extensive  area.  The 
cleanup  of  scattered  plutonium  would  probably  present  the  greatest  difficulty. 
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THE  CLEANUP  PROCESS 


If  initial  estimates  of  the  contamination  level  and  subsequent  field  survey  measure¬ 
ments  indicate  radiological  contamination  in„the  soil  above  a  screening  level  of  0.2 
microcuries/square  meter  (or  above  1  fCi/m  ),  then  a  careful  assessment  of  health 
risks  is  necessary  and  cleanup  may  be  necessary.  Below  this  screening  level, 
cleanup  actions  may  not  be  necessary. 


SUMMARY  OF  ACCIDENTS  INVOLVING  U.S.  NUCLEAR  WEAPONS,  1950-1980 

An  "accident  involving  a  nuclear  weapon"  may  be  defined  as  an  unexpected  event 
involving  a  nuclear  weapon  or  nuclear  weapon  components  that  results  in  any  of  the 
following: 

•  Accidental  or  unauthorized  launching,  firing,  or  use  by  U.S.  forces  or 
supported  allied  forces  of  a  nuclear-capable  weapon  system  that  could 
create  the  risk  of  an  outbreak  of  war; 

•  Nuclear  detonation; 

•  Nonnuclear  detonation  or  burning  of  a  nuclear  weapon  or  radioactive 
weapon  component,  including  a  fully  assembled  nuclear  weapon,  an 
unassembled  nuclear  weapon,  or  a  radioactive  nuclear  weapon 
component; 

•  Seizure,  theft,  or  loss,  including  jettison,  of  a  nuclear  weapon  or 
radioactive  nuclear  weapon  component; 

•  Public  hazard,  actual  or  implied. 

Accidents  involving  U.S.  nuclear  weapons  from  1950  to  1980  are  summarized  in  the 
following  paragraphs. 

1.  13  February  1950  /  B-36  /  Pacific  Ocean,  Off  Coast  of  British  Columbia 

A  B-36  aircraft  was  en  route  from  Eielson  AFB  to  Carswell  AFB  on  a 
simulated  combat  profile  mission.  The  weapon  aboard  the  aircraft  had  a  dummy 
capsule  installed.  After  6  hours  of  flight,  the  aircraft  developed  serious  mechan¬ 
ical  difficulties,  making  it  necessary  to  shut  down  three  engines.  The  aircraft  was 
at  12,000  feet  altitude.  Icing  conditions  complicated  the  emergency,  and  level 
flight  could  not  be  maintained.  The  aircraft  headed  out  over  the  Pacific  Ocean  and 
dropped  the  weapon  from  8,000  feet  into  the  ocean.  A  bright  flash  occurred  on 
impact,  followed  by  a  sound  wave  and  a  shock  wave.  Only  the  weapon's  high- 
explosive  material  detonated.  The  aircraft  was  then  flown  over  Princess  Royal 
Island,  where  the  crew  bailed  out.  The  aircraft  wreckage  was  later  found  on 
Vancouver  Island. 

2.  11  April  1950  /  B-29  /  Manzano  Base,  New  Mexico 

A  B-29  aircraft  departed  Kirtland  AFB  at  9:38  p.m.  and  approximately  3 
minutes  later  crashed  into  a  mountain  on  Manzano  Base,  killing  the  crew. 
Detonators  were  installed  in  the  bomb  on  board  the  aircraft.  The  bomb  case  was 
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demolished,  and  some  high-explosive  material  burned  in  the  gasoline  fire.  Other 
pieces  of  ui  aimed  high  explosive  were  scattered  throughout  the  wreckage.  Four 
spare  detonators  in  their  carrying  case  were  recovered  undamaged.  Contamination 
did  not  occur,  and  there  were  no  recovery  problems.  The  recovered  components  of 
the  weapon  were  ret  imed  to  the  Atomic  Energy  Commission.  The  capsule  of 
nuclear  material  was  on  board  the  aircraft  but  had  not  been  inserted  into  the 
weapon  for  safety  reasons.  A  nuclear  detonation  was  not  possible. 

3.  13  July  1950  /  B-50  /  Lebanon,  Ohio 

A  B-50  aircraft  was  on  a  training  mission  from  Biggs  AFB,  Texas,  flying  at 
7,000  feet  on  a  clear  day.  The  aircraft  nosed  down  and  flew  into  the  ground,  killing 
4  officers  and  12  airmen.  The  high-explosive  portion  of  the  weapon  aboard 
detonated  on  impact.  There  was  no  nuclear  capsule  aboard  the  aircraft. 

4.  5  August  1950  /  B-29  /  Fairfield-Suisun  AFB,  California 

A  B-29  carrying  a  weapon,  but  no  capsule,  experienced  two  runaway  propellers 
and  landing-gear-retraction  difficulties  on  takeoff  from  Fairfield-Suisun  AFB  (now 
Travis  AFB).  The  aircraft  attempted  an  emergency  landing,  crashed,  and  burned. 
Fire  was  fought  for  12-15  minutes  before  the  weapon's  high-explosive  material 
detonated.  Nineteen  crew  members  and  rescue  personnel,  including  General 
Travis,  were  killed  in  the  crash  or  the  resulting  detonation. 

5.  1  0  November  1 950  /  B-50  /  Over  Water,  Outside  the  United  States 


Because  of  an  inflight  aircraft  emergency,  a  weapon  containing  no  capsule  of 
nuclear  material  was  jettisoned  over  water  from  an  altitude  of  10,500  feet.  A 
high-explosive  detonation  was  observed. 

6.  10  March  1956  /  B-47  /  Mediterranean  Sea 


The  aircraft  was  one  of  a  flight  of  four  scheduled  for  nonstop  deployment  from 
MacDill  AFB  to  an  overseas  air  base.  The  takeoff  from  MacDill  and  the  first 
refueling  were  normal.  The  second  refueling  point  was  over  the  Mediterranean 
Sea.  In  preparation,  the  flight  penetrated  solid  cloud  formation  to  descend  to  the 
refuelirg  level  of  14,000  feet.  The  base  of  the  clouds  was  14,500  feet,  and 
visibility  was  poor.  The  aircraft  never  made  contact  with  the  tanker.  An 
extensive  search  failed  to  locate  any  trace  of  the  missing  aircraft  or  crew.  No 
weapons  were  aboard  the  aircraft,  only  two  capsules  of  nuclear  weapon  material  in 
carrying  cases.  A  nuclear  detonation  was  not  possible. 

7.  27  July  1  956  /  B-47  /  Overseas  Base 


A  B-47  aircraft  with  no  weapons  aboard  was  on  a  routine  training  mission  and 
making  a  touch-and-go  landing,  when  the  aircraft  suddenly  went  out  of  control.  It 
slid  off  the  runway  and  crashed  into  a  storage  igloo  containing  several  nuclear 
weapons.  The  bombs  did  not  burn  or  detonate;  they  were  in  storage  configuration. 
No  capsules  of  nuclear  materials  were  in  the  weapons  or  present  elsewhere  in  the 
building.  There  were  no  contamination  or  cleanup  problems.  The  damaged 
weapons  and  components  were  returned  to  the  Atomic  Energy  Commission. 
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8.  22  May  1957  /  B-36  /  Kirtland  AFB,  New  Mexico 


The  B-36  aircraft  was  ferrying  a  weapon  from  Biggs  AFB,  Texas,  to  Kirtland 
AFB.  At  11:50  a.m.,  MST,  as  the  aircraft  approached  Kirtland  at  an  altitude  of 
1,700  feet,  the  weapon  dropped  from  the  bomb  bay,  taking  the  bomb  bay  doors  with 
it.  Weapon  parachutes  were  deployed  but  apparently  did  not  fully  retard  the  fall 
because  of  the  low  altitude.  The  impact  point  was  approximately  4.5  miles  south 
of  the  Kirtland  control  tower  and  .3  mile  west  of  the  Sandia  Base  reservation.  The 
high-explosive  material  detonated,  completely  destroying  the  weapon,  and  making 
a  crater  approximately  25  feet  in  diameter  and  12  feet  deep.  Fragments  and  debris 
were  scattered  as  far  as  1  mile  from  the  impact  point.  The  release-mechanism 
locking  pin  was  being  removed  at  the  time  of  release.  (It  was  standard  procedure, 
at  that  time,  to  remove  the  locking  pin  during  takeoff  and  landing,  to  allow 
emergency  jettison  of  the  weapon  if  necessary.)  The  recovery  and  cleanup 
operations  were  conducted  by  Field  Command,  Armed  Forces  Special  Weapons 
Project.  Radiological  survey  of  the  area  disclosed  no  radioactivity  beyond  the  lip 
of  the  crater,  at  which  point  the  level  was  0.5  milliroentgens.  There  were  no 
health  or  safety  problems.  A  nuclear  capsule  was  on  board  the  aircraft  but  had  not 
been  inserted  into  the  weapon  for  safety  reasons.  A  nuclear  detonation  was  not 
possible. 
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Atlantic  Ocean 


Two  weapons  were  jettisoned  from  a  C-124  aircraft  off  the  east  coast  of  the 
United  States.  The  C-124  aircraft  was  en  route  from  Dover  AFB,  Delaware,  when 
a  loss  of  power  from  the  number  one  and  number  two  engines  was  experienced. 
Maximum  power  was  applied  to  the  remaining  engines,  but  level  flight  could  not  be 
maintained.  At  this  point,  the  decision  was  made  to  jettison  cargo  in  the  interest 
of  safety  of  the  crew  and  aircraft.  Three  weapons  and  one  nuclear  capsule  were 
aboard  the  aircraft,  and  nuclear  components  had  not  been  installed  in  the  weapons. 
The  first  weapon  was  jettisoned  at  4,500  feet  altitude.  The  second  weapon  was 
jettisoned  at  approximately  2,500  feet  altitude.  No  detonation  occurred  from 
either  weapon.  Both  weapons  are  presumed  to  have  been  damaged  from  impact 
with  the  ocean  surface,  and  to  have  submerged  almost  instantly.  The  ocean  varies 
in  depth  in  the  area  of  the  jettisons.  The  C-124  landed  at  an  airfield  in  the  vicinity 
of  Atlantic  City,  New  Jersey,  with  the  remaining  weapon  and  the  nuclear  capsule 
aboard.  A  search  for  the  weapons  or  debris  had  negative  results. 


10.  1 1  October  1 957  /  B-47  /  Homestead  AFB,  Florida 

The  B-47  departed  Homestead  AFB  shortly  after  midnight  on  a  deployment 
mission.  Shortly  after  lift-off,  one  of  the  aircraft's  outrigger  tires  exploded.  The 
aircraft  crashed  in  an  uninhabited  area  approximately  3,800  feet  from  the  end  of 
the  runway.  The  aircraft  was  carrying  one  weapon  in  ferry  configuration  in  the 
bomb  bay  and  one  nuclear  capsule  in  a  carrying  case  in  the  crew  compartment. 
The  weapon  was  enveloped  in  flames,  and  it  burned  and  smoldered  for  approxi¬ 
mately  4  hours,  at  which  time  it  was  cooled  with  water.  Two  low-order  high- 
explosive  detonations  occurred  during  the  burning.  The  nuclear  capsule  and  its 
carrying  case  were  recovered  intact  and  only  slightly  damaged  by  heat.  Approxi¬ 
mately  one  half  of  the  weapon  remained.  All  major  components  were  damaged  but 
were  identifiable  and  accounted  for. 


1 1 


11.  3]  January  1 958  /  B-47  /  Overseas  Base 


A  B-47  with  one  weapon  in  strike  configuration  was  making  a  simulated 
takeoff  during  an  exercise  alert.  When  the  aircraft  reached  approximately  30 
knots  on  1  he  runway,  the  left  rear  wheel  casting  failed.  The  tail  struck  the  runway, 
and  a  fuel  tank  ruptured.  The  aircraft  caught  fire  and  burned  for  7  hours.  Firemen 
fought  the  fire  for  the  allotted  10-minute  fire-fighting  time  for  the  high-explosive 
contents  of  that  weapon,  and  then  evacuated  the  area.  The  high  explosive  did  not 
detonate,  but  some  contamination  did  occur  in  the  immediate  area  of  the  crash. 
No  contamination  was  detected  after  removal  of  the  wreckage  and  the  asphalt 
beneath  it  and  after  washing  down  of  the  runway.  One  fire  truck  and  one  fireman's 
clothing  showed  slight  alpha  contamination  before  washing.  Following  the  acci¬ 
dent,  exercise  alerts  were  temporarily  suspended  and  B-47  wheels  were  checked  for 
defects. 

12.  5  February  1958  /  B-47  /  Savannah  River,  Georgia 

The  B-47  was  on  a  simulated  combat  mission  that  originated  at  Homestead 
AFB,  Florida.  While  near  Savannah,  Georgia,  the  B-47  had  a  mid-air  collision  with 
an  F-86  aircraft  at  3:30  a.m.  Following  the  collision,  the  B-47,  with  a  weapon 
aboard,  attempted  to  land  three  times  at  Hunter  AFB,  Georgia.  Because  of  the 
condition  of  the  aircraft,  its  airspeed  could  not  be  reduced  enough  to  ensure  a  safe 
landing.  Therefore,  the  decision  was  made  to  jettison  the  weapon  rather  than 
expose  Hunter  AFB  to  the  possibility  of  a  high-explosive  detonation.  A  nuclear 
detonation  was  not  possible  since  the  nuclear  capsule  was  not  aboard  the  aircraft. 
The  weapon  was  jettisoned  into  the  water  several  miles  from  the  mouth  of  the 
Savannah  River  (Georgia)  in  Wassaw  Sound  off  Tybee  Beach.  The  precise  impact 
point  of  the  weapon  is  unknown.  The  weapon  was  dropped  from  an  altitude  of 
approximately  7,200  feet  at  an  aircraft  speed  of  180-190  knots.  No  detonation 
occurred.  After  jettison,  the  B-47  landed  safely.  A  3-square-mile  area  was 
searched  by  divers  and  underwater  demolition  team  technicians  using  galvanic  drag 
and  hand-held  sonar  devices.  The  weapon  was  not  found.  The  search  was 
terminated  on  16  April  1958.  The  weapon  was  considered  to  be  irretrievably  lost. 

1 3.  11  March  1  958  /  B-47  /  Florence,  South  Carolina 


At  3:53  p.m.,  FST,  a  B-47F  departed  Hunter  AFB,  Georgia,  as  number  three 
aircraft  in  a  flight  of  four  en  route  to  an  overseas  base.  After  level  off  at  15,000 
feet,  the  aircraft  accidentally  jettisoned  an  unarmed  nuclear  weapon  that  impacted 
in  a  sparsely  populated  area  6.5  miles  east  of  Florence,  South  Carolina.  The  bomb's 
high-explosive  material  exploded  on  impact.  The  detonation  caused  property 
damage  and  several  injuries  on  the  ground.  The  aircraft  returned  to  the  base 
without  further  incident.  No  capsule  of  nuclear  materials  was  aboard  the  B-47  or 
installed  in  the  weapon. 

1 4.  4  November  1958  /  B-47  /  Dycss  AFB,  Texas 

A  B-47  caught  fire  on  takeoff.  Three  crew  members  successfully  ejected;  one 
was  killed  when  the  aircraft  crashed  from  an  altitude  of  1,500  feet.  One  nuclear 
weapon  was  on  board  when  the  aircraft  crashed.  The  resultant  detonation  of  the 
high  explosive  made  a  crater  35  feet  in  diameter  and  6  feet  deep.  Nuclear 
materials  were  recovered  near  the  crash  site. 
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15.  26  November  1958  /  B-47  /  Chennault  AFB,  Louisiana 


A  B-47  caught  fire  on  the  ground.  The  single  nuclear  weapon  on  board  was 
destroyed  by  the  fire.  Contamination  was  limited  to  the  immediate  vicinity  of  the 
weapon  residue  within  the  aircraft  wreckage. 

16.  18  January  1959  /  F-100  /  Pacific  Base 

The  aircraft  was  parked  on  a  revetted  hardstand  in  ground  alter  configuration. 
The  external  load  consisted  of  a  weapon  on  the  left  intermediate  station  and  three 
fuel  tanks  (both  inboard  stations  and  the  right  intermediate  station).  When  the 
starter  button  was  depressed  during  a  practice  alter,  an  explosion  and  fire  occurred 
when  the  external  fuel  tanks  inadvertently  jettisoned.  Fire  trucks  at  the  scene  put 
out  the  fire  in  about  7  minutes.  The  capsule  was  not  in  the  vicinity  of  the  aircraft 
and  was  not  involved  in  the  accident.  There  were  no  contamination  or  cleanup 
problems. 

17.  6  July  1959  /  C-124  /  Barksdale  AFB,  Louisiana 

A  C-124  on  a  nuclear  logistics  movement  mission  crashed  on  takeoff.  The 
aircraft  was  destroyed  by  fire,  which  also  destroyed  one  weapon.  No  nuclear  or 
high-explosive  detonation  occurred;  safety  devices  had  functioned  as  designed. 
Limited  contamination  was  present  over  a  very  small  area  immediately  below  the 
destroyed  weapon.  This  contamination  did  not  hamper  rescue  or  fire-fighting 
operations. 

18.  25  September  1959  /  P-51V1  /  Pacific  Ocean  Off  the  Washington  Coast 

A  U.S.  Navy  P-5 M  aircraft  assigned  to  Naval  Air  Station,  Whidbev  Island, 
Washington,  crashed  in  the  Pacific  Ocean  about  100  miles  west  of  the  Washington- 
Oregon  border.  It  was  carrying  an  unarmed  nuclear  antisubmarine  weapon 
containing  no  nuclear  material.  The  weapon  was  not  recovered. 

19.  15  October  1959  /  B-52  /  KC-135  /  Hardinsburg,  Kentucky 

The  B-52  departed  Columbus  AFB,  Mississippi,  at  2:00  p.m.,  CST.  The  aircraft 
assumed  the  number  two  position  in  a  flight  of  two.  The  KC-135  departed 
Columbus  AFB  at  5:33  p.m.,  CST,  as  the  number  two  tanker  aircraft  in  a  flight  of 
two  scheduled  to  refuel  the  B-52's.  Rendezvous  for  refueling  was  accomplished  in 
the  vicinity  of  Hardinsburg,  Kentucky,  at  32,000  feet.  It  was  night;  the  weather 
was  clear,  with  no  turbulence.  Shortly  after  the  B-52  began  refueling  from  the 
KC-135,  the  two  aircraft  collided.  The  instructor  pilot  and  pilot  of  the  B-52 
ejected,  followed  by  the  electronic  warfare  officer  and  the  radar  navigator.  The 
copilot,  navigator,  instructor  navigator,  and  tail  gunner  failed  to  leave  the  B-52. 
All  four  crew  members  in  the  KC-135  were  fatally  injured.  The  B-52s  two 
unarmed  nuclear  weapons  were  recovered  intact.  One  had  been  partially  burned, 
but  did  not  result  in  dispersion  of  nuclear  material  or  other  contamination. 

20.  7  June  1960  /  BOMARC  /  McGuire  AFB.  New  Jersev 


the  fire,  although  the  high  explosive  did  not  detonate.  Nuclear  safety  devices 
functioned  as  designed.  Contamination  was  restricted  to  an  area  immediately 
beneath  the  weapon  and  an  adjacent  elongated  area  approximately  100  feet  long, 
caused  by  drain-off  of  fire-fighting  water. 


During  a  B-52  airborne  alert  mission,  structural  failure  of  the  right  wing 
resulted  in  two  weapons  separating  from  the  aircraft  during  aircraft  breakup  at 
2,000-10,000  feet.  One  bomb  parachute  deployed,  and  the  weapon  received  little 
impact  damage.  The  other  bomb  fell  free  and  broke  apart  upon  impact.  No 
explosion  occurred.  Five  of  the  eight  crew  members  survived.  A  portion  of  one 
weapon,  containing  uranium,  could  not  be  recovered  despite  excavation  in  the 
waterlogged  farmland  to  a  depth  of  50  feet.  The  Air  Force  subsequently  purchased 
an  easement  requiring  permission  for  anyone  to  dig  there.  No  detectable  radiation 
and  no  hazard  exist  in  the  area. 


A  B-52  experienced  failure  of  the  crew  compartment  pressurization  system, 
forcing  descent  to  10,000  feet  altitude.  Increased  fuel  consumption  caused  fuel 
exhaustion  before  rendezvous  with  a  tanker  aircraft.  The  crew  bailed  out  at  10,000 
feet  except  for  the  aircraft  commander,  who  stayed  with  the  aircraft  to  4,000  feet 
and  steered  the  plane  away  from  a  populated  area.  The  two  nuclear  weapons  on 
board  were  torn  from  the  aircraft  on  ground  impact.  The  high  explosive  did  not 
detonate.  Safety  devices  worked  as  designed  to  prevent  nuclear  contamination. 


23.  13  November  1963 
Base,  Texas 


Atomic  Energy  Commission  Storage  Igloo 


Medina 


An  explosion  involving  123,000  pounds  of  high-explosive  components  of 
nuclear  weapons  caused  minor  injuries  to  three  Atomic  Energy  Commission 
employees.  There  was  little  contamination  from  the  nuclear  components,  which 
were  stored  elsewhere  in  the  building.  The  components  were  from  the  disassembly 
of  obsolete  weapons. 


A  B-52D  was  en  route  from  Westover  AFB,  Massachusetts,  to  its  home  base  at 
Turner  AFB,  Georgia.  The  crash  occurred  approximately  17  miles  southwest  of 
Cumberland,  Maryland.  The  aircraft  was  carrying  two  weapons,  which  were  in  a 
tactical  ferry  configuration  (no  mechanical  or  electrical  connections  had  been 
made  to  the  aircraft,  and  the  safing  switches  were  in  the  "SAFE"  position).  Before 
the  crash,  the  pilot  had  requested  a  change  of  altitude  because  of  severe  air 
turbulence  at  29,500  feet.  The  aircraft  was  cleared  to  climb  to  33,000  feet. 
During  the  climb,  the  aircraft  encountered  violent  air  turbulence,  and  aircraft 
structural  failure  then  occurred.  Of  the  five  air-crew  members,  only  the  pilot  and 
copilot  survived.  The  gunner  and  navigator  ejected,  but  died  of  exposure  to 
subzero  temperatures  after  successfully  reaching  the  ground.  The  radar  navigator 
did  not  eject  and  died  upon  aircraft  impact.  The  crash  site  was  an  isolated 
mountainous  and  wooded  area.  The  14  inches  of  new  snow  covered  the  aircraft 
wreckage,  which  was  scattered  over  an  area  of  approximately  100  square  yards. 
The  weather  during  the  recovery  and  cleanup  operation  involved  extreme  cold  and 
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gusty  winds.  Both  weapons  remained  in  the  aircraft  until  it  crashed,  and  were 
relatively  intact  in  the  approximate  center  of  the  wreckage  area. 


25.  5  December  1964  /  LGM  30B  (Minuteman  ICBM)  /  Ellsworth  AFB,  South 
Dakota 


The  LGM  30B  Minuteman  I  missile  was  on  strategic  alert  at  Launch  Facility 
L-02,  Ellsworth  AFB,  South  Dakota.  Two  airmen  were  dispatched  to  the  Launch 
Facility  to  repair  the  inner  zone  security  system.  In  the  midst  of  their  checkout  of 
the  inner  zone  system,  one  retrorocket  in  the  spacer  below  the  Reentry  Vehicle 
(RV)  fired,  causing  the  RV  to  fall  about  75  feet  to  the  floor  of  the  silo.  When  the 
RV  struck  the  bottom  of  the  silo,  the  arming  and  fusing/altitude  control  subsystem 
containing  the  batteries  was  torn  loose,  thus  removing  all  sources  of  power  from 
the  RV.  The  RV  structure  received  considerable  damage.  All  safety  devices 
operated  properly  in  that  they  did  not  sense  the  proper  sequence  of  events  to  allow 
arming  the  warhead.  There  was  no  detonation  or  radioactive  contamination. 

26.  8  December  1964  /  B-58  /  Bunker  Hill  (now  Grissom)  AFB,  Indiana 

SAC  aircraft  were  taxiing  during  an  exercise  alert.  As  one  B-58  reached  a 
position  directly  behind  the  aircraft  on  the  runway  ahead  of  it,  the  aircraft  ahead 
brought  advanced  power.  As  a  result  of  the  combination  of  the  jet  blast  from  the 
aircraft  ahead,  the  icy  runway  surface  conditions,  and  the  power  applied  to  the 
aircraft  while  attempting  to  turn  onto  the  runway,  control  was  lost  and  the  aircraft 
slid  off  the  left  side  of  the  taxiway.  The  left  main  landing  gear  passed  over  a 
flush-mounted  taxiway  light  fixture,  and  10  feet  farther  along  in  its  travel,  grazed 
the  left  edge  of  a  concrete  light  base.  After  another  10  feet,  the  left  main  landing 
gear  struck  a  concrete  electrical  manhole  box,  and  the  aircraft  caught  on  fire. 
When  the  aircraft  came  to  rest,  all  three  crew  members  aboard  abandoned  the 
aircraft.  The  aircraft  commander  and  defensive  systems  operator  egressed  with 
only  minor  injuries.  The  navigator  ejected  in  his  escape  capsule,  which  impacted 
548  feet  from  the  aircraft.  He  did  not  survive.  Portions  of  the  nuclear  weapon  on 
board  burned.  Contamination  was  limited  to  the  immediate  area  of  the  crash  and 
was  subsequently  removed. 

27.  11  October  1965  /  C-124  /  Wright-Patterson  AFB,  Ohio 

The  C-124  aircraft  was  being  refueled  in  preparation  for  a  routine  logistics 
mission  when  a  fire  occurred  at  the  aft  end  of  the  refueling  trailer.  The  fuselage 
of  the  airciaft,  containing  only  components  of  nuclear  weapons  and  a  dummy 
training  unit,  was  destroyed  by  the  fire.  There  were  no  casualties.  The  resultant 
radiation  hazard  was  minimal.  Minor  contamination  was  found  on  the  aircraft, 
cargo,  and  clothing  of  explosive  ordnance  disposal  and  fire-fighting  personnel,  and 
was  removed  by  normal  cleaning. 

2 8 .  5  December  1965  /  A-4  /  Pacific  Ocean 

An  \-4  aircraft  loaded  with  one  nuclear  weapon  rolled  off  the  elevator  of  a 
U.S.  aircraft  carrier  and  foil  into  the  sea.  The  pilot,  aircraft,  and  weapon  were 
lost.  The  incident  occurred  more  than  500  miles  from  land. 


29.  17  January  1966  /  B-52  /  KC-135  /  Palomares,  Spain 

The  B-52  and  the  KC-135  collided  during  a  routine  high-altitude-air  refueling 
operation.  Both  aircraft  crashed  near  Palomares,  Spain.  Four  of  the  eleven  crew 
members  survived.  The  B-52  carried  four  nuclear  weapons.  One  was  recovered  on 
the  ground,  and  one  was  recovered  from  the  sea  on  7  April  after  extensive  search 
and  recovery  efforts.  Two  of  the  weapons'  high-explosive  materials  exploded  on 
impact  with  the  ground,  releasing  some  radioactive  materials.  Approximately  1400 
tons  of  slightly  contaminated  soil  and  vegetation  were  removed  to  the  United 
States  for  storage  at  an  approved  site.  Representatives  of  the  Spanish  Government 
monitored  the  cleanup  operation. 

30.  21  January  1968  /  B-52  /  Thule,  Greenland 

A  B-52  from  Plattsburgh  AFB,  New  York,  crashed  and  burned  approximately  7 
miles  southwest  of  the  runway  at  Thule  AB,  Greenland,  while  approaching  the  base 
to  land.  Six  of  the  seven  crew  members  survived.  The  bomber  carried  four  nuclear 
weapons,  all  of  which  were  destroyed  by  fire.  Some  radioactive  contamination 
occurred  in  the  area  of  the  crash,  which  was  on  the  sea  ice.  Some  237,000  cubic 
feet  of  contaminated  ice,  snow,  water,  and  crash  debris  were  removed  to  an 
approved  storage  site  in  the  United  States  over  the  course  of  a  4-month  operation. 
Although  an  unknown  amount  of  contamination  was  dispersed  by  the  crash, 
environmental  sampling  showed  normal  readings  in  the  area  after  the  cleanup  was 
completed.  Representatives  of  the  Danish  Government  monitored  the  cleanup 
operations. 

31.  Spring  1968  /  Atlantic  Ocean 

Details  remain  classified. 

32.  1 9  September  1980  /  Titan  II  ICBM  /  Damascus,  Arkansas 

During  routine  maintenance  in  a  Titan  II  silo,  an  Air  Force  repairman  dropped 
a  heavy  wrench  socket,  which  rolled  off  a  work  platform  and  fell  toward  the 
bottom  of  the  silo.  The  socket  bounced  and  struck  the  missile,  causing  a  leak  from 
a  pressurized  fuel  tank.  The  missile  complex  and  the  surrounding  area  were  evacu¬ 
ated,  and  a  team  of  specialists  was  called  in  from  Little  Rock  AFB,  the  missile's 
main  support  base.  About  8.5  hours  after  the  initial  puncture,  fuel  vapors  within 
the  silo  ignited  and  exploded.  The  explosion  fatally  injured  one  member  of  the 
team.  Twenty-one  other  USAF  personnel  were  injured.  The  missile's  reentry  vehi¬ 
cle,  which  contained  a  nuclear  warhead,  was  recovered  intact.  There  was  no  radio¬ 
active  contamination. 

NOTF.:  The  events  outlined  here  involved  operational  weapons,  nuclear 
materials,  aircraft,  and/or  missiles  under  control  of  the  U.S.  Air  Force, 

U.S.  Navy,  or  the  Atomic  Energy  Commission  (the  DOF.  predecessor 
agency).  The  U.S.  Army  has  never  experienced  an  event  classified  as  an 
accident  involving  nuclear  weapons.  The  U.S.  Marine  Corps  does  not 
have  custody  of  nuclear  weapons  in  peacetime,  and  has  not  experienced 
an  accident  involving  them. 
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The  mission  of  the  Armed  Forces  Radiobiology  Research  Institute  (AFRRI)  is  to 
conduct  research  in  the  field  of  radiobiology  and  related  matters  that  is  essential  to 
the  operation  and  medical  support  of  the  Department  of  Defense  and  the  Military 
Services.  In  support  of  that  mission,  AFRRI  operates  a  medium-sized  research 
nuclear  reactor.  The  reactor  is  used  to  generate  radiations,  primarily  neutrons  and 
gamma  rays,  which  are  used  to  conduct  experimental  biomedical  research  and  to 
produce  isotopes.  The  radiations  are  delivered  to  the  experiments  in  one  of  two  ways: 
A  pulse  operation  delivers  a  very  short  burst  of  high  power,  or  a  steady-state 
operation  delivers  a  longer,  continuous  low-  to  medium-power  exposure.  The  reactor 
is  also  used  to  train  military  personnel  in  reactor  operations. 

The  AFRRI  TRIGA  Mark-F  reactor  facility  is  within  the  AFRRI  complex  on  the 
grounds  of  the  Naval  Medical  Command  National  Capital  Region,  in  Bethesda, 
Maryland.  TRIGA  is  an  acronym  for  Training,  Research,  and  Isotope,  General 
Atomics.  Mark-F  is  the  specific  General  Atomics  Reactor  model,  distinguished  by  a 
pool,  a  movable  core,  exposure  room  facilities,  and  the  ability  to  pulse  to  momentary 
high  powers.  A  cutaway  view  of  the  AFRRI  reactor  is  shown  in  Figure  1. 

Reactor  operations  at  AFRRI  began  in  1962.  In  1965,  a  change  was  made  from 
aluminum-clad  to  stainless  steel-clad  fuel  elements.  Currently  more  than  150 
multiple-exposure  experiments  are  performed  each  year  using  the  reactor. 
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Figure  1.  Cutaway  view  of  AFRRI  TRIGA  reactor 


PRINCIPLES  OF  REACTOR  OPERATION 


The  process  of  splitting  the  nucleus  of  a  heavy  atom  is  called  fission.  Certain  ele¬ 
ments  are  ideal  for  fission  because  their  nucleus  splits  easily  upon  absorption  of  low- 
energy  neutrons.  Uranium-235  is  such  an  element,  and  it  is  used  as  fuel  in  the  AFRRI 
reactor  as  well  as  commercial  power  reactors.  When  a  neutron  enters  the  nucleus  of  a 
uranium-235  atom,  it  disrupts  the  stability  of  the  nucleus  and  causes  the  nucleus  to 
split,  generally  into  two  fragments.  As  fission  occurs,  neutron,  beta,  and  gamma 
radiations  are  emitted,  along  with  other  photons  and  particles.  After  slowing  down  in 
energy,  some  of  the  neutrons  that  result  from  the  fission  will  enter  the  nuclei  of 
additional  uranium-235  atoms  and  cause  further  fissions.  If  allowed  to  continue,  the 
resulting  series  of  fissions  is  called  a  chain  reaction  (see  Figure  2).  The  fragments 
resulting  from  the  fission  process  have  large  amounts  of  kinetic  energy,  and  that 
energy  is  transferred  to  the  surrounding  medium  in  the  form  of  heat  energy. 
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Figure  2.  Nuclear  fission  chain  reaction 


THE  AFRRI  REACTOR  VERSUS  A  POWER  REACTOR 


The  AFRRI  reactor,  classified  as  a  1-megawatt  research  reactor,  differs  from  a 
power  reactor  in  purpose-  and  usage.  The  AFRRI  reactor  serves  as  a  source  of 
radiation,  mainly  neutrons  and  gammas,  for  research  purposes.  The  heat  energy 
produced  by  the  fission  process  is  not  of  concern  at  AFRRI,  because  the  nominal 
amounts  of  heat  produced  by  the  AFRRI  reactor  are  dissipated  in  its  cooling 
system.  In  contrast,  power  reactors  depend  on  the  heat  produced,  and  channel  the 
heat  resulting  from  fission  into  steam  turbines,  which  then  turn  generators  to 
produce  power.  Conversely,  the  radiation  produced  in  a  power  reactor  is  an 
unwanted  by-product,  and  must  be  appropriately  controlled.  The  relative  amounts 
of  heat  and  radiation  produced  by  the  AFRRI  reactor  and  a  power  reactor  may  be 
compared  in  terms  of  power  levels  of  operation.  The  AFRRI  reactor  operates  at  a 
maximum  of  1  megawatt  (thermal),  while  a  power  reactor  typically  operates  at 
power  levels  of  1000  megawatts  electrical  or  about  3000  megawatts  thermal. 
Power  reactors,  as  all  reactors,  directly  produce  thermal  power,  which  is  then 
converted  into  electrical  power  at  about  30  percent  efficiency. 


MODES  OF  OPERATION 

The  power  levels  of  a  reactor  directly  correspond  to  the  rate  at  which  fission 
occurs.  In  turn,  the  rate  of  fission  is  governed  by  the  size  of  the  neutron 
population  in  the  core  (Figure  1).  As  the  neutron  source  perpetually  emits 
neutrons,  and  as  prompt  and  delayed  neutrons  are  constantly  produced  from  fission, 
new  neutron  generations  continually  occur  in  the  reactor  core.  The  reactivity  of 
the  core  is  described  in  terms  of  criticality;  that  is,  when  the  number  of  neutrons 
from  generation  to  generation  is  constant,  the  reactor  is  said  to  be  critical.  When 
the  neutron  population  is  decreasing,  the  reactor  is  said  to  be  subcritical.  When  the 
neutron  population  is  increasing,  the  reactor  is  said  to  be  supercritical. 

The  AFRRI  reactor  is  licensed  to  operate  in  a  variety  of  power  levels,  which  are 
characterized  by  two  modes:  steady-state  mode  and  pulse  mode.  Each  of  these 
operational  modes  is  accompanied  by  particular  power  levels  and  individual 
configurations  of  control  rods  (the  transient  rod,  safe  rod,  shim  rod,  and  regulating 
rod).  Each  mode  simulates  a  general  type  of  radioactive  occurrence  or  dose 
delivery  to  the  experiment,  described  as  follows. 


STEADY-STATE  MODE 

The  steady-state  mode  is  characterized  by  low  levels  of  power,  up  to  1  megawatt, 
which  occur  for  a  designated  length  of  time,  from  several  seconds  to  hours.  The 
reactor  may  be  automatically  set  to  shut  down  after  a  particular  amount  of  time, 
or  it  may  be  manually  shut  down  after  achieving  a  desired  radiation  dose  in  an 
exposure  facility.  In  the  steady-state  mode,  the  reactor  is  brought  to  a  specific 
power,  and  is  then  controlled  to  run  constantly  at  that  power  until  shut  down.  The 
reactor  is  brought  to  power  by  first  partially  withdrawing  the  transient  rod,  then 
partially  withdrawing  the  safe  rod  and  shim  rod,  and  finally  withdrawing  the 
regulating  rod  a  sufficient  amount  to  produce  the  power  sought.  Depending  on  the 
position  of  the  core,  the  rod  heights  may  be  adjusted  so  that  the  majority  of  the 
radiation  is  thrown  in  a  particular  direction.  The  steady-state  mode  simulates  a 
relatively  low-level,  long-term  exposure  to  radioactivity. 


5 


pulse:  mode 


The  pulse  mode  is  characterized  bv  a  rapid  rise  in  power,  up  to  3000  megawatts.  In 
order  to  be  able  to  pulse  the  reactor,  or  bring  the  power  to  momentary  high  levels, 
the  reactor  must  first  be  brought  to  criticality  at  a  low  level  of  power.  In  order  to 
accomplish  this,  the  safe  rod  and  shim  rod  are  usually  completely  withdrawn  and 
the  regulating  rod  is  partially  withdrawn  so  that  the  reactor  will  be  steady  at  the 
desired  power.  Following  this,  calculations  are  made  of  the  rod  drive  position  for 
the  required  pulse  value,  and  the  anvil  (part  of  the  rod  drive  that  limits  upward 
movements)  is  raised  to  the  appropriate  height.  The  transient  rod  is  then  fired, 
driven  by  compressed  air.  The  transient  rod  hits  the  anvil,  and  the  anvil  drops 
down  by  the  force  of  gravity.  This  is  followed  automatically  by  shutdown  of  the 
reactor.  The  entire  process  takes  place  in  less  than  500  milliseconds,  and  results  in 
a  short  burst  of  high-level  radiation. 


THE  AFRRI  REACTOR 


REACTOR  CORE 

The  core  (see  Figure  1)  is  the  heart  of  a  reactor.  The  core  is  composed  primarily 
of  fuel  elements  (containing  the  uranium  fuel),  a  neutron  source,  and  neutron¬ 
absorbing  control  rods.  The  core  is  the  site  of  fission,  which  produces  the  radiation 
sought  by  research  investigators.  The  AFRRI  reactor  is  equipped  with  a  movable 
core.  The  core  is  suspended  under  16  feet  of  water  from  a  dolly  just  above  the 
reactor  pool.  Movement  of  the  core  dolly  along  the  track  from  one  side  of  the  pool 
to  the  other  is  controlled  from  the  reactor  console.  Approximately  5  minutes  are 
required  to  move  the  core  from  one  side  of  the  pool  to  the  other,  a  distance  of  13 
feet. 

Located  next  to  the  base  of  the  tank  pool  (two  floors  below  the  control  room)  are 
two  exposure  rooms  (Figure  1).  Exposure  rooms  are  dry  exposure  areas  into  which 
experiments  are  placed.  One  is  located  at  each  end  of  a  pool  shaped  like  a 
cloverleaf.  The  advantages  to  having  a  movable  core  are  that  (a)  the  quantity  and 
character  of  the  radiation  reaching  these  exposure  facilities  may  be  controlled,  and 
(b)  more  than  one  exposure  facility  may  be  used  at  the  same  time.  The  primary 
types  of  radiation  produced  by  the  AFRRI  reactor  are  neutron  and  gamma.  The 
ratio  of  neutron  radiation  to  gamma  radiation  may  be  controlled  by  movement  of 
the  core  and  by  shielding.  In  order  for  personnel  to  enter  an  exposure  room  to  set 
up  or  change  experiments,  the  core  is  moved  to  the  opposite  side  of  the  pool.  The 
lead  shield  doors  are  then  closed  for  additional  shielding. 

The  core  support  structure  provides  a  means  to  suspend  the  reactor  core.  The  core 
housing  structure  encloses  the  control  rod  drives  (Figure  1),  which  are  gear  systems 
to  lower  or  withdraw  the  control  rods  into  or  from  the  core.  Connecting  rods 
connect  the  rod  drives  to  the  actual  control  rods,  which  are  located  within  the 
core,  16  feet  under  water. 


As  stated,  the  core  is  composed  of  cylindrical  fuel  elements,  control  rods,  and  a 
neutron  source  held  in  place  by  two  grid  plates.  In  each  grid  plate  (see  Figure  3), 
holes  for  the  fuel  elements  and  control  rods  are  arranged  in  six  concentric  rings 
labeled  A  thru  F.  The  four  control  rods  occupy  four  holes,  and  87  fuel  elements 
occupy  the  remaining  holes.  A  guide  tube  to  hold  the  neutron  source  is  placed 
immediately  outside  the  sixth  or  "F"  ring. 
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Figure  3.  Overhead  view  of  AFRRI  reactor.  Remaining 
holes  are  filled  with  87  fuel  elements. 


FUEL  ELEMENTS 

An  AFRRI  TRIG  A  fuel  element  is  shown  in  Figure  4.  The  fuel  elements  are 
principally  composed  of  a  cylinder  of  zirconium  hydride  mixed  with  uranium-235, 
the  actual  tuel  of  the  reactor.  Uranium-235  will  fission  upon  the  absorption  of 
neutrons,  thereby  producing  more  neutrons  as  well  as  gamma  radiation  and  heat. 
Uranium-235  has  a  much  greater  probability  of  absorbing  a  low-energy  or  "slow" 
neutron  than  a  fast  neutron.  As  a  result,  zirconium  hydride,  a  moderator,  is  used 
to  slow  down  the  fast  neutrons  emitted  from  the  neutron  source  and  the  fissioning 
uranium-235.  A  rod  of  zirconium  is  placed  inside  the  fuel  cylinder  to  ensure 
structural  integrity.  Graphite  plugs  are  placed  at  each  end  of  the  fuel  element  in 
order  to  reflect  fast  neutrons  back  into  the  core,  which  then  requires  fewer  fissions 
to  sustain  the  chain  reaction. 
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Figure  4.  Standard  fuel  element 


Samarium  wafers  are  placed  between  the  fuel  cylinder  and  the  graphite  plugs,  in 
order  to  extend  the  life  of  the  fuel  elements.  The  wafers  do  so  because  they 
absorb  neutrons  and  burn  out  in  proportion  to  the  rate  of  fuel  burnup. 

An  instrumented  fuel  element  is  similar  in  construction  to  a  standard  fuel  element. 
It  differs  in  that  three  thermocouples  are  placed  within  the  center  portion  of  the 
fuel  element.  These  thermocouples  measure  the  temperature  of  the  fuel,  which  is 
then  monitored  at  the  reactor  console. 


CONTROL  RODS 


To  be  of  maximum  use  in  experimentation,  the  rate  of  fission  must  be  controlled, 
thereby  controlling  the  amounts  of  radiation  and  heat  that  are  generated.  The 
fission  rate  is  controlled  by  absorbing  the  neutrons  resulting  from  fission,  thus 
deercasing  the  number  of  neutrons  available  to  the  fuel  elements  for  subsequent 
fissioning.  In  the  AFRRl  reactor,  the  absorption  of  neutrons  is  regulated  by  control 
rods,  which  are  mainly  composed  of  borated  graphite.  (Boron  is  an  effective 
neutron  absorber,  and  graphite  is  a  viable  means  for  the  suspension  of  boron,  which 
is  brittle  and  powdery  in  pure  form.)  These  control  rods  are  moved  in  or  out  of  the 
core  by  means  of  rod  drives,  which  are  operated  from  the  reactor  console.  The 
amount  of  control  rod  present  in  the  core  regulates  the  fission  rate.  That  is,  a 
greater  length  of  control  rod  in  the  core  results  in  a  greater  number  of  absorbed 
neutrons  and,  finally,  a  lower  fission  rate.  If  neutrons  are  being  absorbed  at  a 
greater  rate  than  they  are  being  produced,  the  fissions  will  decrease  and  the 
production  of  power  and  radiation  will  be  terminated.  On  the  other  hand,  if 
neutrons  are  being  produced  at  a  faster  rate  than  they  are  being  absorbed,  the 
fissions  will  increase  along  with  the  power  level  and  corresponding  radiations.  By 
withdrawing  just  enough  of  the  control  rods  to  match  the  neutron  absorption  rate 
with  the  neutron  production' rate,  a  steady-state  power  level  may  be  achieved. 

As  mentioned,  there  are  four  control  rods  in  the  core  of  the  AFRRl  reactor.  One 
control  rod  is  placed  in  the  center  position  (Figure  3)  called  the  "A"  ring,  and  three 
are  placed  evenly  in  the  fourth  ring  or  "D"  ring  of  the  reactor  core.  The  control 
rods  in  the  fourth  ring  are  the  safe  rod,  shim  rod,  and  regulating  rod,  known  as 
standard  rods.  From  the  console,  an  operator  may  drive  these  rods  slowly  up  and 
down.  He  may  also  "scram"  the  rods,  allowing  them  to  drop  by  means  of  gravity 
back  into  the  core  of  the  reactor.  The  control  rod  in  the  center  ring  is  called  the 
transient  rod.  This  rod  may  be  driven  up  and  down  in  the  same  manner  as  the  other 
control  rods.  In  addition,  the  transient  rod  may  be  fired  out  of  the  core  by  means 
of  compressed  air.  Before  firing,  a  stopping  anvil  is  appropriately  positioned  above 
the  transient  rod.  Upon  firing,  the  transient  rod  lifts  from  the  core  and  hits  a 
shock-absorbing  anvil.  The  reactor  is  now  in  pulse  mode,  that  is.  ready  for  a  brief 
high-power  excursion.  In  pulse  mode,  all  control  rods  will  scram  after  a  brief 
period  of  time  set  by  the  operator,  usually  500  milliseconds.  When  the  reactor  is  in 
steady-state  mode,  the  rod  stays  against  the  anvil  and  is  used  like  a  standard  rod. 
The  standard  and  transient  control  rods  are  shown  in  Figure  5. 

NFUTRON  SOURCF 

\  neutron  startup  source  is  necessary  to  ensure  the  constant  availability  of 
neutrons  in  the  core,  in  order  to  begin  a  power  increase.  The  neutron  source  is 
composed  of  a  mixture  of  americium  and  beryllium,  doubly  encased  in  stainless 
steel.  Neutrons  are  produced  by  this  source  in  the  following  manner:  Americium, 
a  man-made  element,  spontaneously  decays  into  neptunium  and  alpha  particles. 
Alpha  particles  react  with  the  light  element  beryllium  to  produce  carbon  and  high- 
energy  neutrons,  known  as  fast  neutrons.  These  neutrons  (also  called  source 
neutrons)  are  needed  in  the  core  for  the  control  of  fission  as  the  control  rods  are 
withdrawn  to  increase  power.  Without  a  population  of  source  neutrons  in  the  core, 
fission  could  occur  only  spontaneously,  and  spontaneous  fission  cannot  be  predicted 
or  controlled. 
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Figure  5.  Standard  and  transient  control  rod 


MODKRATION 


The  AFRRI  reactor  has  an  inherent  safety  feature  that  will  terminate  (with  or 
without  control  rods)  a  large  and  rapid  rise  of  power  (or  an  excursion,  as  it  is  known 
in  reactor  terms).  This  safety  feature  is  based  on  the  fact  that  to  continue  to 
produce  enough  neutrons  to  sustain  power,  neutrons  must  "slow  down"  to  very  low 
energy  from  the  high  energy  at  which  they  are  born.  As  power  is  produced,  heat 
(from  fissioning)  is  transferred  into  the  zirconium  hydride,  making  it  hot.  When 
heated,  the  zirconium  hydride  does  not  allow  the  neutrons  to  cool  to  thermal 
energy,  which  in  turn  does  not  allow  fissioning  to  occur.  Without  fissioning,  the 
reactor  power  is  terminated,  because  it  is  the  heat  from  fission  that  produces 
thermal  power.  This  inherent  mechanism,  built  into  the  TR1GA  fuel,  makes  an 
explosion  or  "meltdown"  physically  impossible. 


INSTRUMENTATION 


Instrumentation  is  placed  in  and  around  the  core  in  order  to  measure  and 
communicate  information  that  is  helpful  in  maintaining  control  over  the  operations 
of  the  reactor.  The  population  levels  of  neutrons  in  and  above  the  core  are 
measured  by  detectors  called  ion  chambers,  which  contain  boron  and  are  sensitive 
to  neutrons.  Also,  the  gamma  level  is  measured  during  a  reactor  pulse  by  ion 
chambers  that  are  sensitive  to  gamma.  In  addition,  the  temperatures  of  the 
reactor  core  and  the  pool  must  be  monitored  and  controlled.  To  do  this, 
thermocouples  placed  within  the  two  instrumented  fuel  elements  measure  the  fuel 
temperature,  and  two  thermistors  placed  in  the  reactor  pool  measure  the  water 
temperature.  One  thermistor  is  positioned  directly  above  the  core,  and  one  is 
positioned  a  few  feet  below  the  surface  of  the  water,  near  the  side  of  the  pool. 


COOLING  SYSTEMS 

The  reactor  core  sits  in  a  "swimming"  pool.  The  pool  acts  as  a  radiation  shield, 
protecting  operation  personnel  from  radiation.  Water  is  an  effective  medium  for 
shielding  from  neutron  radiation,  because  neutrons  generally  travel  only  a  foot  or 
two  in  water.  Gamma  radiation  is  also  greatly  attenuated  by  water,  with  16  feet 
of  water  being  more  than  sufficient  for  an  effective  radiation  shield. 

In  addition  to  protecting  personnel  from  radiation,  water  in  the  pool  serves  as  a 
means  of  cooling  the  reactor  core.  During  operation  of  the  reactor,  heat  energy  is 
passed  from  the  core  to  the  surrounding  wat_r,  and  the  water  is  then  passed 
through  a  cooling  system.  From  there,  heat  is  transferred  through  heat  exchangers 
to  a  secondary  water  system,  and  is  then  dissipated  in  the  cooling  towers.  The 
water  system  for  the  reactor  also  provides  cleaning  and  filtration  of  the  water  in 
the  pool.  There,  filters  eliminate  particulate  matter  to  maintain  optical  clarity  in 
the  pool.  In  addition,  a  demineralizer  removes  mineral  ions  to  prevent  the 
activation  (or  irradiation)  of  ions,  which  occurs  naturally  in  water. 


LEAD  SHIELD  DOORS 

Two  lead  shield  doors  are  located  at  the  bottom  of  the  reactor  pool.  The  doors  are 
aluminum  shells  19  inches  thick,  5  feet  high,  and  6  feet  wide.  They  are  filled  with 
lead  shot  and  transformer  oil.  The  doors  must  be  opened  to  allow  movement  of  the 
core  from  one  side  of  the  pool  to  the  other.  They  may  be  closed  to  provide 
shielding  for  scientific  personnel  working  in  the  exposure  rooms  on  the  opposite 
side  of  the  doors  from  the  core.  The  doors  rotate  around  aluminum  poles.  The 
poles  are  parallel  to  each  other  in  the  open  position,  and  their  edges  overlap  in  the 
closed  position.  The  edges  of  the  doors  are  stepped  (designed  to  overlap)  to 
prevent  the  streaming  of  radiation  from  between  the  doors. 
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EXPOSURE  FACILITIES 


The  Reactor  has  several  exposure  facilities  for  the  irradiation  of  specimens.  The 
AFRRI  reactor  has  two  exposure  rooms,  an  extractor  tube  system,  a  core 
experiment  tube,  a  portable  beam  tube  system,  and  a  pneumatic  transfer  system. 
Each  of  these  facilities  possesses  unique  features  and  provides  variety  in  the 
reactor  research  capabilities  at  AFRRI.  They  are  described  in  the  following 
paragraphs. 


EXPOSURE  ROOM  1 

Exposure  Room  1  is  located  north  of  the  pool,  and  is  the  most  frequently  used 
facility.  The  room  possesses  several  arrays  (or  varieties)  in  shielding,  which  make 
it  especially  useful  to  investigators.  The  exposure  room  is  23  feet  square  and  9 
feet  high,  with  a  semieylindrical  section  of  the  aluminum  pool  wall  projecting 
through  the  south  wall  of  the  room.  The  reactor  core  can  be  moved  to  within  less 
than  1  inch  of  the  aluminum  tank  wall,  separated  from  the  tank  wall  by  water.  A 
cadmium-gadolinium  shield  is  positioned  on  the  tank  projection,  to  absorb  the 
leakage  of  thermal  neutrons  from  the  core  into  the  exposure  room.  Lead  curtains 
are  suspended  from  the  ceiling  to  prevent  the  scattering  of  gamma  rays  into 
Exposure  Room  1  when  the  core  is  operating  on  the  opposite  side  of  the  pool  near 
Exposure  Room  2.  The  walls  and  ceiling  of  Exposure  Room  1  are  made  of  concrete, 
covered  with  wood  and  painted  with  gadolinium  paint.  Because  fast  neutrons  can 
activate  concrete  and  thus  present  a  hazard  to  personnel,  the  concrete  is  covered 
by  wood.  The  wood  slows  down  the  fast  neutrons  emitted  from  the  core,  thus 
drastically  reducing  the  chances  of  activating  the  concrete.  After  being  slowed 
down  or  "thermalized"  by  the  wood,  the  neutrons  may  bounce  back  toward  the 
interior  of  the  room,  but  are  then  absorbed  by  the  gadolinium  paint  before  they  can 
escape  into  the  room.  The  tank  wall  as  seen  from  ER  1  is  shown  in  Figure  6. 


EXPOSURE  ROOM  2 

Exposure  Room  2  is  similar  to  Exposure  Room  1  in  construction.  The  room  is 
slightly  smaller,  but  the  ceiling  and  walls  follow  the  same  design  as  those  of 
Exposure  Room  1:  concrete  walls  covered  with  wood  painted  with  gadolinium 
paint.  The  pool  wall  projects  from  the  north  wall  of  Exposure  Room  2  just  as  in 
Exposure  Room  1,  but  it  is  not  shielded  with  cadmium.  As  a  result,  a  high 
concentration  of  thermal  neutrons  enters  the  exposure  room.  This  differs  from  the 
neutron  concentration  in  Exposure  Room  1,  in  which  the  neutron  population  is 
composed  primarily  of  fast  neutrons.  Experiments  needing  a  high  thermal  neutron 
component  are  exposed  in  this  room. 


INSTRUM  E  NTATION 


Instrumentation  is  placed  in  and  around  the  core  in  order  to  measure  and 
communicate  information  that  is  helpful  in  maintaining  control  over  the  operations 
of  the  reactor.  The  population  levels  of  neutrons  in  and  above  the  core  are 
measured  by  detectors  called  ion  chambers,  which  contain  boron  and  are  sensitive 
to  neutrons.  Also,  the  gamma  level  is  measured  during  a  reactor  pulse  by  ion 
chambers  that  are  sensitive  to  gamma.  In  addition,  the  temperatures  of  the 
reactor  core  and  the  pool  must  be  monitored  and  controlled.  To  do  this, 
thermocouples  placed  within  the  two  instrumented  fuel  elements  measure  the  fuel 
temperature,  and  two  thermistors  placed  in  the  reactor  pool  measure  the  water 
temperature.  One  thermistor  is  positioned  directly  above  the  core,  and  one  is 
positioned  a  few  feet  below  the  surface  of  the  water,  near  the  side  of  the  pool. 


COOLING  SYSTEMS 

The  reactor  core  sits  in  a  "swimming"  pool.  The  pool  acts  as  a  radiation  shield, 
protecting  operation  personnel  from  radiation.  Water  is  an  effective  medium  for 
shielding  from  neutron  radiation,  because  neutrons  generally  travel  only  a  foot  or 
two  in  water.  Gamma  radiation  is  also  greatly  attenuated  by  water,  with  16  feet 
of  water  being  more  than  sufficient  for  an  effective  radiation  shield. 

In  addition  to  protecting  personnel  from  radiation,  water  in  the  pool  serves  as  a 
means  of  cooling  the  reactor  core.  During  operation  of  the  reactor,  heat  energy  is 
passed  from  the  core  to  the  surrounding  water,  and  the  water  is  then  passed 
through  a  cooling  system.  From  there,  heat  is  transferred  through  heat  exchangers 
to  a  secondary  water  system,  and  is  then  dissipated  in  the  cooling  towers.  The 
water  system  for  the  reactor  also  provides  cleaning  and  filtration  of  the  water  in 
the  pool.  There,  filters  eliminate  particulate  matter  to  maintain  optical  clarity  in 
the  pool.  In  addition,  a  demineralizer  removes  mineral  ions  to  prevent  the 
activation  (or  irradiation)  of  ions,  which  occurs  naturally  in  water. 


LEAD  SHIELD  DOORS 

Two  lead  shield  doors  are  located  at  the  bottom  of  the  reactor  pool.  The  doors  are 
aluminum  shells  19  inches  thick,  5  feet  high,  and  6  feet  wide.  They  are  filled  with 
lead  shot  and  transformer  oil.  The  doors  must  be  opened  to  allow  movement  of  the 
core  from  one  side  of  the  pool  to  the  other.  They  may  be  closed  to  provide 
shielding  for  scientific  personnel  working  in  the  exposure  rooms  on  the  opposite 
side  of  the  doors  from  the  core.  The  doors  rotate  around  aluminum  poles.  The 
poles  arc  parallel  to  each  other  in  the  open  position,  and  their  edges  overlap  in  the 
closed  position.  The  edges  of  the  doors  are  stepped  (designed  to  overlap)  to 
prevent  the  streaming  of  radiation  from  between  the  doors. 


SHIELDING 


Within  the  two  exposure  rooms,  exposure  to  radiation  can  be  tailored  or  modified 
by  means  of  shielding.  Shielding  materials,  which  are  often  part  of  experimental 
setups  (or  arrays)  consist  of  lead  bricks,  or  bismuth  bricks,  or  combinations  of  both. 
Currently  a  lead  shield  and  a  lead  cave  are  often  used  together.  Lead  serves  as  a 
shield  from  gamma  radiation.  Placed  in  the  path  of  radiation,  it  will  enhance  the 
relative  neutron  field  on  the  other  side.  The  lead  shield  is  placed  in  front  of  the 
reactor  core  to  shield  samples  from  gamma  rays  that  are  emitted  from  the  core. 
The  lead  cave  is  placed  behind  the  lead  shield  in  order  to  shield  samples  from 
gamma  radiation  that  scatters  from  the  exposure  room  walls.  This  shield-and-cave 
setup  is  shown  in  Figure  7.  The  result  is  a  miniature  lead  chamber  containing  an 
enhanced  neutron  field.  Samples  inside  this  chamber  may  be  placed  in  rotators, 
which  aid  the  even  bilateral  exposure  of  specimens.  The  standard  rotator  for  small 
specimens  is  shown  in  Figure  8.  In  both  the  lead  shield  and  the  lead  cave,  the 
thickness  of  the  lead  may  be  altered,  to  produce  further  variety  in  radiation  fields. 

Bismuth  serves  the  same  purposes  as  load:  to  shield  from  gamma  rays  and  to 
provide  an  enhanced  neutron  field.  But  bismuth  is  more  useful  than  lead  because, 
although  both  absorb  neutrons,  bismuth  docs  not  emit  gamma  rays  and  lead  does. 
Because  bismuth  emits  alpha  particles  upon  the  absorption  of  neutrons,  the  bricks 
arc  painted  to  shield  from  alpha  radiation. 

In  addition  to  placing  shielding  materials  within  the  exposure  rooms,  the  amount 
and  character  of  radiation  reaching  the  samples  in  the  exposure  rooms  may  be 
modified  by  moving  the  reactor  core.  Moving  the  core  away  from  an  exposure 
facility  places  more  water  between  the  core  and  that  exposure  room.  This  results 
in  a  smaller  number  of  neutrons  reaching  the  exposure  room,  and  those  that  do  are 
generally  of  a  lower  energy.  Therefore,  the  radiation  field  in  that  facility  contains 
a  higher  percentage  of  gamma  radiation. 


EXTRACTOR  IT’ BE  SYSTEM 

Exposure  Room  1  is  equipped  with  an  extractor  tube  system,  which  permits  the 
quick  insertion  and  withdrawal  of  samples.  When  in  position,  the  extractor  tube 
extends  from  directly  in  front  of  the  core,  through  the  west  wall,  and  into  the  prep 
area,  outside  of  the  exposure  room.  The  section  of  the  tube  in  the  wall  follows  an 
"S”  curve,  which  prevents  the  radiation  from  streaming  from  the  exposure  room 
into  the  prep  area.  Samples  are  placed  inside  a  plastic  carrier  and  positioned 
within  the  tube  by  means  of  a  motorized  pulley  system,  controlled  from  the  prep 
area.  The'  quick  retrieval  of  samples  from  the  exposure  room  results  in  greater 
precision  in  evaluating  the  amount  of  radiation  received  by  the  samples,  partic¬ 
ularly  for  low-level  exposures.  This  eliminates  time  delays  in  moving  the  reactor 
core,  closing  the  loud  shield  doors,  and  opening  the  exposure  room  doors. 
Experimental  retrieval  takes  place  in  seconds  rather  than  the  tens  of  minutes 
required  for  full  procedures  of  room  entry.  The  extraction  also  reduces  the 
exposures  to  personnel  that  result  from  exposure  room  entries. 


CORE  EXPERIMENT  TUBE 


Samples  may  be  irradiated  in  the  exposure  rooms,  or  they  may  be  irradiated  in  the 
core  itself,  by  means  of  the  Core  Experiment  Tube.  The  Core  Experiment  Tube  is 
a  hollow  aluminum  tube  with  an  "S"  bend  to  prevent  streaming  of  radiation.  In  this 
procedure,  a  fuel  element  is  withdrawn  from  the  core  and  placed  in  storage,  and  a 
Core  Experiment  Tube  is  placed  in  that  fuel  element  location.  The  samples  to  be 
irradiated  are  placed  in  small  polyethylene  containers,  called  "rabbits,"  which  are 
then  loaded  into  the  tube  and  placed  directly  into  the  core.  The  rabbits  may  be 
withdrawn  with  a  modified  fishing  pole.  The  Core  Experiment  Tube  is  used 
primarily  to  produce  isotopes,  which  are  used  by  researchers  as  biological  tags  or 
tracers.  Radioactive  potassium  is  the  isotope  most  commonly  produced.  Materials 
may  be  activated  in  the  Core  Experiment  Tube,  and  the  patterns  of  radiation 
emitted  following  activation  may  be  used  to  analyze  those  materials.  This  process 
has  several  applications. 


PORTABLE  BEAM  TUBE  SYSTEM 

The  portable  beam  tube  system  consists  of  aluminum  tubes  suspended  in  the 
reactor  containment  pool.  A  beam  of  radiation  is  produced  by  this  system,  thus 
allowing  the  irradiation  of  selected  areas  of  specimens.  A  variety  of  filters  and 
lenses  may  be  incorporated  into  experiments  to  vary  the  degree,  character,  and 
precision  of  the  radiation. 


PNEUMATIC  TRANSFER  SYSTEM 

The  AFRRI  reactor  also  possesses  a  pneumatic  transfer  system.  The  system  is  not 
in  use  at  the  present  time,  but  it  may  be  reinstalled  quickly  if  the  need  arises  to 
produce  extremely  high  activities  of  radioisotopes. 


CERENKOV  RADIATION 

Cerenkov  radiation  is  a  bright  blue  color  that  appears  around  the  reactor  core.  It 
accompanies  a  reactor  pulse  and  also  steady-state  operations  above  1  kilowatt.  As 
fission  occurs,  charged  beta  particles  are  emitted,  in  addition  to  all  other  fission 
products.  With  enough  energy,  these  beta  particles  travel  at  a  speed  greater  than 
ttie  speed  of  light  in  the  given  medium  (water).  As  these  particles  slow  down, 
excess  energy  is  given  off  as  photons  of  light,  which  are  observed  as  a  bright  blue 
glow. 


